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The rising printing costs will unfortunately necessitate an increase in the member- 
ship fee of the Scandinavian Society for Plant Physiology and, consequently, of the 
subscription price of Physiologia Plantarum. 

The Executive Committee has made the proposal, which will be submitted for 
confirmation to the Society at the General Meeting in Helsingfors, 1952, that the 
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to D. Kr. 50: —. 


The economic situation requires this change to be made effective from January 1. 


1952. 


The Executive Committee trusts that members and subscribers will understand 
that this inopportune step has not been taken without urgent reasons. 


Corrigenda 


Vol. 3, p. 465, Table 1, for Nitella clavata read Nitella mucronata; 
p. 468, Figure 1, for von rechts nach links read von links nach 
rechts; 
p. 473, formula (6), for Z(n) read S(n?); 
Vol. 4, p. 516, Figure 2 for Scenesmus read Scenedesmus. 
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Transpiration und Wasserhaushalt der Fichte (Picea 
excelsa) bei zunehmender Luft- und 
Bodentrockenheit 


Von 
ARTHUR PISEK und WALTER TRANQUILLINI 


Botanisches Institut der Universitat, Innsbruck 
(Eingegangen am 6. Nov., 1950) 


Einleitung 


Eine Reihe von Arbeilen der letzten drei Jahrzehnte hat zu einem umfas- 
senden und vertieften Überblick darüber geführt, wie sich Wasserabgabe und 
Wasserhaushalt der verschiedensten Pflanzen verschiedener Klimagebiete 
unter den Verhältnissen ihrer natürlichen Umwelt gestaltet. Der gegenwär- 
tige Stand unsrer Erkenntnisse wurde soeben von Walter (1950) neu umrissen 
und zusammengefasst. Unter Hinweis auf diese Darstellung sei hier nur 
erwähnt, dass neben den anderen Lebensformen, die im ganzen eingehender 
studiert sind, auch Bäume schon mehrfach und in verschiedener Hinsicht 
Gegenstand der Untersuchung waren. So hat — um nur einiges Wichtige 
heraus zuheben — Walter (1931, 1950) die osmotischen Werte und ihre Ver- 
teilung am Baum als Hydratur- und Bilanzzeiger verwertet, Oppenheimer 
(1932) und Rouschal (1938) haben den sommerlichen Wasserhaushalt medi- 
terraner Hölzer, Stocker (1935) die Transpiration von Tropenbäumen unter- 
sucht; Huber (1923, 1924, 1931) wandte u.a. seine Aufmerksamkeit der 
Transpiration in verschiedener Stammhöhe in Zusammenhang mit Kohä- 
sions- und Xerophytentheorie zu. Der Tagesgang der Spaltweite bei der 
Fichte in seiner Abhängigkeit von Wetter und Exposition, sowie der Wasser- 
verbrauch von Fichtenbeständen auf trocknem und auf feuchtem Boden und 
sein Verhältnis zu den Niederschlagsmengen sind der Inhalt zweier Arbeiten 
von Stälfelt (1926, 1944). Auf eine erste, ungefähre Ermittlung des Wasser- 


[1] 
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verbrauchs verschiedener Baumarten zielen schliesslich auch die Transpira- 
tionsbestimmungen von Schubert (1939) und von Pisek und Cartellieri (1939). 
Wegen der technischen Schwierigkeiten und verwickelten Verhältnisse, 
welche der Angriff auf grosse Baumindividuen mit sich bringt, hatten Pisek 
u. Cartellieri Einzelstücke von bloss 3—4 m Höhe verwendet wie auch Polster 
(1950) aus demselben Grunde mit 7—8-jahrigen arbeitete. Nach allem, was 
uns bekannt geworden, blieb es eine kaum versuchte Aufgabe, das unhand- 
liche Objekt, das ein herangewachsener Baum vorstellt, unter wechselnden 
Verhältnissen umfassend besonders auf das Verhalten und das Zusammen- 
spiel seiner Teile zu bearbeiten, um auf diese Weise ein einigermassen ge- 
schlossenes Bild seines standortgemässen Gesamtverhaltens zu gewinnen. 

Wir sind einer Meinung mit Stocker (1950), dass es letzten Endes gilt 
die Gesamtkonstitution einer Art und ihre Abhängigkeit von den Umwelt- 
bedingungen aufzuklären, wozu ausser der Analyse des Wasserhaushaltes 
auch die Untersuchung der übrigen, von ihm abhängigen Lebensfunktionen 
erforderlich ist. Doch zwangen äussere Umstände zur vorläufigen Beschrän- 
kung auf den Wasserhaushalt. Er bildet immerhin die Grundlage für das 
weitere Programm. Auch dieser konnte zunächst nur an einer Art bearbeitet 
werden. 


I. Objekt und Methodik 


Zur Untersuchung wurden zwei ziemlich freistehende Fichten auf dem Süd- 
hang eines moränenbedeckten Rückens gewählt, deren mehrere am Fusse der 
das Inntal bei Innsbruck nordseitig flankierenden Bergkette (Achselkopf) tal- 
wärts ziehen. Die Gegend ist hier mit Mischwald aus vorherrschender Fichte 
bestockt, zwischen die sich von unten die Kiefer, von oben herab die Buche 
einmengt. Die Bäume stehen in 820 m Höhe, d.i. 240 m über der Talsohle 
und wurzeln in der Grundmoräne der Würmeiszeit. Ein Bodenprofil von 
{ m Tiefe unweit der Bäume, dessen Begutachtung wir Kollegen Mutschlech- 
ner verdanken, zeigte, dass es sich um eine sandig-humose bis sandig-lehmige 
Grundmasse (60 °/o) handelt, worin regellos überwiegend kalkige, aber auch 
viele kristalline Geschiebe eingebettet sind (9 °/o kleiner als 1 !/, mm, 12 ©, 
1—10 mm, 18 °/o grösser als 10 mm). In der obersten Schicht ist der Boden 
stark entkalkt und sauer (pH wenig über 5,0), weiter unten nehmen Kalk- 
gehalt und pH-Wert zu (in 40—80 cm 6,5 und mehr). In der obersten Schicht 
locker, verfestigt sich der Boden mit zunehmender Tiefe, so dass das Wasser 
leicht eindringt und gut festgehalten wird. Nur bei heftigen Niederschlägen 
rinnt ein Teil zufolge der Hangneigung (22—24°) oberflächlich ab. Grund- 
wasserdurchströmung ist ausgeschlossen. 

Die beiden Bäume sind völlig gleichwertig, von regelmässigem Wuchs 
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und bis unten dicht beastet. Der hauptsächlich verwendete Baum sei durch 
folgende Angaben. näher gekennzeichnet: 


TE 2 6 EE on ac A ungefahr 50 Jahre 
iS GLO. RES ae a 1 Se 13,5 m 
SSO E Le ne an 11,55 m 
Stammumfang in Brusthöhe ............. 0,84 m 
Kronendurchmesser unten ............... 6,0 m 
Kronenprojektion ines. NUS ee OL ee 28,3 m? 
Nadelfrischgewicht ! ... .%2..... ungefähr 200 kg 
Oberflächenentwicklung (dm?/g Frischgewicht) letztjähr. Nadeln. Mittel von je 5 Stück. 
Wipfelregion Kronenbasis 
sonnseitig | schattenseitig | sonnseitig | schattenseitig 
0,40 | 0,46 0,45 | 0,52 
‘Zahl der Stomata je mm?. Mittel von 5 Nadeln. ei 


36 | 32 31 | 30 


Die nach dem Beispiel Hubers (1924) errechneten Werte der Oberflächen- 
entwicklung stimmen in betreff der Sonnennadeln der Wipfelregion mit des- 
sen Angaben uber eine Alpenfichte und jenen über Sonnennadeln bei Pisek & 
Cartellieri (1939) überein. Die relativ derben und dicken, xeromorphen Son- 
nennadeln des obern Kronenteils führen, wie nach aller bisherigen Erfah- 
rung zu erwarten war, die meisten Spalten je Flächeneinheit. Aber selbst 
diese sind ausserordentlich spaltenarm im Vergleich zu verschiedenen Laub- 
hölzern, für welche Maass (1935) z.B. 87 (Betula verrucosa) bis 300 (Aesculus 
hippocastanum) angibt. Bei Schramm (1912) findet man noch höhere Zahlen. 
Hingegen passt unser Befund an Picea bestens zu den Angaben über Pinus, 
bei welcher Gattung Grahle (1936) je nach Art 33—40 Stomata/mm? zählte. 

In die Krone dieses Baumes wurde dank der tatkräftigen Hilfe der Landes- 
wildbachverbauung und der Forstbehörde ein festes Gerüst mit Leiter gebaut, 
das oben in 9 m Höhe eine rings um den Wipfel führende Kanzel trägt. Ein 
Laufsteg macht den unteren Kronensaum zugänglich, soweit er nicht unmit- 
telbar erreichbar ist. So war es möglich die Transpiration und Evaporation, 
osmotischen Wert und Wassergehalt in der Wipfelregion so gut wie an den 
untersten Zweigen zu bestimmen. Es geschah dies immer sonn- und schatt- 
seitig, getrennt nach letztjährligen, vorjährigen und allenfalls auch mehr- 
jährigen Triebstücken. 


1 Schätzung nach dem Nadelgewicht mehrerer Äste aus verschiedenen Kronenbezirken, 
des zweiten Baumes, der nach Abschluss der Arbeit, gefällt wurde. Entspricht der Nadel- 
masse der grössten (40-jährigen) Versuchsbäume von Stälfelt (1944, Tab. 5). 
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Die Transpiration massen wir unter Beachtung vorher erprobter Vorsichtsmass- 
regeln — Expositionsdauer in der Sonne nur 3—4 Minuten (Vergleiche im übrigen 
Pfleiderer, 1933) — nach der bewährten Stocker’schen Momentanmethode (1929) 
mit der Hilfe der Bungeschen Reisewaage an abgeschnittenen Triebstiicken, die in 
ihrer früheren Lage am Baum exponiert wurden. Gleichzeitig ermittelten wir die 
Evaporation mit wassergetränkten weissen Löschpapierscheiben von 5 cm Durch- 
messer, die neben den Zweigen horizontal aufgehängt waren. Wenn nicht anders 
vermerkt, ist die Evaporation in den Kurven und Tabellen in mg/Stunde, die Tran- 
spiration in mg/g-Zweigfrischgewicht u. Stunde angegeben. Da der Anteil der Nadel- 
masse am Gesamtzweiggewicht bei letztjährigen und vorjährigen Triebstücken nur 
wenig um 80 °/o schwankt, braucht man die hier angeführten Transpirationswerte 
nur mit 1,25 zu multiplizieren, um sie mit dem auf reines Nadelgewicht berechneten 
Angaben von Pisek & Cartellieri (1939) vergleichbar zu machen. Jeder Punkt der 
Kurven ist das Mittel aus mindestens zwei Einzelbestimmungen, die nach unserer, 
immer wieder bestätigten Erfahrung (vergl. auch P & C, 1939 Abb. 11 u. 13) nahe 
beisammen liegen, so lange die Transpiration der Evaporation proportional läuft, 
d.h. so lange keine Regulation der Spaltweite stattfindet. Dagegen streuen die zu- 
sammengehörigen Werte häufig, wenn die Spaltweite geändert wird, weil dies nicht 
überall gleichzeitig einsetzt, sondern an diesem Ast früher, an jenen später beginnt 
oder abklingt. Zu solchen Zeitpunkten haben wir oft mehrere Einzelbestimmungen 
vorgenommen. 

Die Abbildungen bringen ausser dem Gang der Transpiration pro Frischgewichts- 
einheit (T/G) auch Darstellungen über das wechselnde Verhältnis der Transpira- 
tionsraten zur zeitlich und örtlich zugehörenden Evaporationsgrösse (T/G.E). Solche 
Kurven veranschaulichen die Schwankungen der relativen Transpiration beziehungs- 
weise des Transpirationsvermögen i.w.S. (Livingstone, 1906), dem zumal Euber 
(1924) grundsätzliche Betrachtungen gewidmet hat. Sie lassen erkennen, wie weit 
die Wasserabgabe der Pflanze einfach der freien Verdunstung folgt oder etwa durch 
»incipient drying», Nachleitwiderstand in den Intercellularen u.s.w. beeinflusst und 
vor allem durch Regulation der Spaltweite gesteuert wird. Dass dem Öffnungszu- 
stand der Stomata, solange er gering ist, ausschlaggebender Einfluss zukommt, hat 
Stälfelt (1932) überzeugend dargetan. An Objekten, an welchen er sich mit genügen- 
der Sicherheit beurteilen lässt, fanden P & C (1931, 1939), dass mindestens grössere 
Änderungen des Transpirationsvermögens stets mit gleichsinnigen Änderungen der 
Spaltweite verbunden sind. Wir werden noch darauf zu sprechen kommen, dass auch 
bei der Fichte in dieser Hinsicht grundsätzliche Übereinstimmung herrscht. 

Die erwähnte Berechnungsweise des Quotienten genügt, wenn man Einzelwerte 
innerhalb desselben Kronenbezirkes oder ihre Aufeinanderfolge zwischen verschie- 
denen Teilen miteinander vergleicht. Um quantitative Vergleiche zwischen Kronen- 
bezirken anzustellen, deren Nadeln sich in betreff der Oberflächenentwicklung unter- 
scheiden, und deren Ergebnisse etwa mit Spaltenbefunden in Beziehung zu bringen, 
muss man zur Bildung des Quotienten mindestens die Transpiration mit Hilfe der 
Angaben über die Oberflächenentwicklung auf die Flächeneinheit umrechnen, zum 
Vergleich mit Angaben über andere Pflanzen auch die Evaporation (relative Trans- 
piration im engeren Sinne). Dies zu erreichen sind unsere T/G.E.Werte für Sonnen- 
nadeln der Wipfelregion mit 1,24, jene der Schattennadeln desselben Bezirkes und 
der Sonnennadeln des unteren Kronensaumes mit 1,1, schliesslich jene der Schatten- 
nadeln der Kronenbasis mit 0,95 zu multiplizieren. 


Der osmotische Wert wurde nach dem von Walter (1931) propagierten Verfahren 
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kryoskopisch am Presssaft von durch Hitze abgetôteten Zweigproben bestimmt und 
nach Walters Tabellen (1936) korrigiert; der Wassergehalt ist wie üblich durch 
Trocknen bei 105° bis zur Gewichtskonstanz als Differenz von Frisch- und Trocken- 
gewicht berechnet. 


II. Kleinklimatische Unterschiede am Versuchsbaum 


Zur Beantwortung der Frage inwie weit innerhalb der Krone unseres 
Baumes durch Exposition und Entfernung vom Boden bedingte, konstante 
Unterschiede im Kleinklima herrschen, die fiir Verhaltensverschiedenheiten 
zwischen den Kronenbezirken massgebend sein kénnen, haben wir an einigen 
ruhigen Klartagen ausser der Evaporation mit dem Assmann’schen Aspira- 
tionspsychrometer, das neben dem Scheibenevaporimeter hing, auch die Luft- 
temperatur und Feuchtigkeit gemessen. Es geschah dies an der Kronenperi- 
pherie an den selben Stellen, wo die Transpirationsbestimmungen vorgenom- 
men wurden. Dabei ergab sich (Abb. 1), dass am Vormittag die Evaporation 
im Wipfelbereich und an der Basis des Baumes fast gleich, am frühen Nach- 
mittag oben aber meist überhöht ist. Letzteres obwohl die Luft oben zur glei- 
chen Zeit 1—2° kühler ist als in Bodennähe, wo sie durch die Rückstrahlung 
erwärmt wird. Die Ursache für die temporäre, höhere Evaporation im Wip- 
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Abb. 1. Lufttemperatur und relative Feuchtigkeit (beide mit Assman’schen Aspirations- 
psychrometer bestimmt), sowie Evaporation (mg Wasser/Stunde, Scheibenevaporimeter) an 
der Kronenperipherie in 2 m u. 10 m Höhe, sonn- und schattseitig. 
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felbereich kann daher nur darin liegen, dass am frühen Nachmittag an Klar- 
tagen meist leichter Hangwind aufkommt, der am unteren Kronensaum kaum 
fühlbar, sich in grösserer Stammhöhe deutlich bemerkbar macht. Der dadurch 
verursachte Unterschied der Evaporationsgrösse in verschiedener Stamm- 
höhe ist gering. Viel grösser ist der Unterschied zwischen der Sonnen- und 
Schattenseite des Baumes. Die Evaporation auf der Schattenseite beträgt im 
Tagesmittel nur 60 °/o von jener der gegenüberliegenden Flanke. Da Luft- 
temperatur und Feuchtigkeit beiderseits praktisch gleich sind, beruht die 
hohe sonnseitige Evaporation fast ausschliesslich darauf, dass das Evapori- 
meter in der Sonne infolge Strahlungsabsorption höhere Temperatur annimmt 
als im Schatten. 


III. Niederschlagsverhältnisse während der Versuchsperiode 


Es kam der Arbeit ausserordentlich zu statten, dass auf den für mittel- 
europäische Verhältnisse ganz ungewöhnlich trockenen Sommer 1947, in 
welchem die Untersuchung begonnen wurde, ein annähernd normales Jahr 
ohne ausgesprochene Dürrezeit folgte. Die Wasserversorgung variierte wäh- 
rend der Versuchsperiode in grösster Skalenbreite. 

Bis 20. Juli 1947 waren die Niederschläge abgesehen vom vorübergehenden 
Regenmangel im April ziemlich normal. Dann aber setzte eine fast drei- 
monatige Schönwetterperiode ein, während der es in den ersten zwei Wochen 
überhaupt nicht, später spärlich und schwach regnete (Abb. 2), so dass sich 
die Trockenheit in den Herbst hinein extrem steigerte und zahlreiche Wald- 
brande begünstigte. In jedem der entscheidenen Monate August und Septem- 
ber betrug die Regenmenge kaum 30 °/o des langjährigen Mittels (Tab. 1). 
Das folgende Jahr dagegen wies reichlich Niederschläge auf, die in den Som- 
mermonaten besonders häufig fielen, und im Feber, Juli und August den 
langjährigen Durchschnitt überschritten. Abgesehen vom Mai, der ungenutzt 
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Abb. 2. Verteilung der Niederschläge in Innsbruck während des für die Beobachtungen 
massgebenden Zeitraumes 1947 und 1948. Nach Aufzeichnungen des meteorologischen 
Institutes. 
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Tab. 1. Monatliche Niederschlagsmengen in Innsbruck in mm nach Aufzeichnungen des 
meteorologischen Institutes in Innsbruck. 
eee 

Jahr | I II II IV V VI VII | VIII | IX X XI XII 
SS Ss a a ee eee ee ERBETEN: 
30,4] 29,1 | 42,5 |21,1|74,1| 90,1 |116,4| 37,0 | 20,5 18,7 | 107,0 | 68,0 
91,4 | 108,6 | 45,0 | 45,0 | 43,0 | 173,0 | 115,0 | 137,0 | 42,9 29,3) 21,0 | 16,1 


Mittel 1906—30 n. 
Ekart (1934) ...... 


59 35 |42 |64 |74 |103 |118 | 116 |74 |58 58 |61 


I 


blieb, konnte höchstens Ende September leichte Bodentrockenheit auf- 
kommen. 


IV. Transpiratorisches Verhalten und Wasserverbrauch 
verschiedener Bereiche der Baumkrone 


1. Standardtage im feuchten Jahre 1948 


Den besten Überblick ermöglich zunächst eine Auswahl von Standard- 


’ messtagen. Wir meinen damit Tage, die am Versuchsplatz wenigstens bis in 


die späteren Nachmittagsstunden klar und windstill blieben, so dass der Gang 
der für die Verdunstung massgebenden Faktoren und damit der Gang der 
Evaporation selbst durch glatte eingipfelige Kurven nach Muster Abb. 2 
gekennzeichnet ist. Zufolge der Eindeutigkeit der äusseren Verhältnisse tritt 
das Benehmen der Pflanze klar hervor und können die Ergebnisse verschie- 
dener solcher Tage ohne weiteres miteinander in Beziehung gebracht werden. 

Zur beiläufigen Charakteristik des Temperatur- und Feuchtigkeitsklimas 
der einzelnen Messtage sind den Abbildungen und Tabellen die 7- und 14-Uhr 
Terminablesungen vom Versuchsplatz angeführt, soweit hier solche vorge- 


Tab. 2. Wasserverbrauch älterer Jahrgänge von Sonnentrieben in 9/o des Verbrauches der 
Letztjährigen. Standardtage. Basis und Wipfelregion verhalten sich gleich. 


1) Boden feucht: 


| | Marz | April | August | Oktober | 
vorjährige Nadeln ....................- | 123 | 91 | 86 | 92 | 
3—5 jährige Nadeln .................. — 82 66 70 


2) Bei zunehmender Bodentrockenheit (Juli—September 1947) nach 0—60 Tagen Dürre- 
periode: 


| 14 | 30 | 60 Tage 
D Ae ES eae ee 
vorjahrige Nadeln NET 86 | | | 98 
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Abb. 3. Tagesgang der Transpiration (mg je g Zweigfrischgewicht und Stunde) an Stan- 
dardtagen im Feber bis April 1948 in 2 m (unten) und 10 m (oben) Héhe, sonn- und schatt- 
seitig; 1j=letztjährige Triebe, vj=vorjähriger Zuwachs. 

Unten der Gang des Transpirationsvermögens T/G.E. (Transpirationsraten je Frischgewichts- 
einheit im Verhältnis zu den zugehörigen Evaporationsgrössen). Boden feucht. 


26. II. | 10. III. | 24. IV. | 
WeIMpPeratune red, cleo Tal —11,0 1,9 | 2,4 17,4 8,0 25,7 
elmuseuchite Moe 7 Eu ah... 90 50 94 42 91 28 
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Tab. 3. 
mm 
Wechselwetter- Klartag 

tag 18. Juni 26. Juni | 

7h | 44h 7h | 14h 
Temperatur © 2s. nun 10,4 | 18,3 nl 22,9 
Relative Feuchtigkeit 0/0 ...| 73 40 68 26 | 
Sättigungsdefizit d. Luft mm 2,6 9,4 3,3 | 15,8 


# : Wasserverbrauch am 
T/E-Mittel 8—12h Wechselwettertag in 0/0 
| Klartagverbrauch (8—12h) | 


Sonne, 10m, letztjahrig ...... 0,074 0,074 74 0/0 
> a Vorjabrig’ u... 0,078 0,087 57 %o 
» 2m, letztjahrig ...... 0,098 0,085 89 0/0 
» »  vorjährig .......... 0,080 0,107 65 0/0 
Schatten, 10m, letztjahrig ... 0,113 0,067 140 %o 
> 2m, » & 0,121 0,060 130 0/o 
27. August 17. August 
7h | 14h 7h | 14h 
LÉMDETAIUT EE eee 15,8 23,7 12,4 | 27,2 
Relative Feuchtigkeit 9/o ...| 75 53 88 31 | 
Sättigungsdefizit d. Luftmm| 3,3 | 10,3 1,3 | 18,8 


Wasserverbrauch am 
T/E-Mittel 8—13h Wechselwettertag in 0/0 
Klartagverbrauch (8—-13h) 


| 

Sonne, 10m, letztjährig ...... 0,173 0,160 100 0/o 
» 2m, nen 0,180 0,176 68 0/0 
Schatten, 10m, letztjährig ... 0,155 0,091 93 9/0 
» 2m, » oie 0,175 0,097 131 0/0 
Sonne, 10m, vorjahrig ...... 75 0/0 
» 2m, DS steers 66 0/0 
Schatten, 10m, vorjährig ... 126 0/0 
» 2m, » en 104 0/0 


nommen wurden. Sie stimmen mit denen des meteorologischen Institutes in 
Innsbruck besonders mittags merkwürdig gut zusammen, so dass wir letztere 
herangezogen haben, wenn eigene Beobachtungen fehlen. 

Der Feber 1948 war bis gegen sein Ende ein ausgesprochener Wintermonat. 
In der zweiten Hälfte blieb selbst die Mittagstemperatur in Innsbruck, abge- 
sehen von einem Föhntag, stets einige Grade unter Null; erst ab 24. über- 
schritt sie den Nullpunkt und erreichte am 26.1]. nach kaltklarer Nacht D 
Die Nadeln unserer Fichte waren am morgen von kleinsten Eiskristallen 
bedeckt und erst ab 9% soweit trocken, dass man zur Transpirationsbestim- 
mung schreiten konnte. Weniger zufolge der Lufttemperatur, die am Ver- 
suchsplatz noch 1° höher einzusetzen ist, als dank der kräftigen Einstrahlung 
erreichte die Evaporation in der Sonne im Maximum (730 mg/h) wie im Mittel 
in den Mittagsstunden (518 mg/h) schon sehr beträchtliche Höhen, nicht 
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Klarer Tag: 26.V1. Wechselwetter: 


0007 


6 8 10 Uhr 


Abb. 4. Transpirationsvermögen T/G.E an Klar- und Wechselwettertagen im Juni. Die 
noch jungen Sonnentriebe, ganz besonders aber die Schattentriebe entwickeln am Wechsel- 
wettertag ein wesentlich grösseres Transpirationsvermögen als am Klartag. 


26> VIE 18. VI. 

Klartag Wechselwettertag 
Temperatur sr. ur WAR codecs ee re 11,8 22,9 10,4 18,3 
Hels Peuchte {or 7. Us 1An anne 68 26 73 40 


weniger als ein Drittel entsprechender Werte vom August; wogegen die 
Transpiration (Abb. 3) nirgends über 10 mg/g.h hinausging und in der 
Summe der Mittagsstunden selbst in der Sonne mit 0,036 g/g kaum 1/40 des 
gleichen Ausschnittes eines Auguststandardtages beträgt. Der Baum befand 
sich offenkundig im winterlichen Ruhezustand und halt die Spalten geschlos- 
sen (vergl. auch Michaelis, 1934). Berechnen wir das Verhältnis der flächen- 
bezogenen Transpiration zur flächenbezogenen Evaporation ergibt sich eine 
Schwankungsbreite von 0,007—0,02. Das Minimum stimmt bestens zur An- 
gabe über das rein kutikuläre Transpirationsvermögen bei Pisek & Berger 
(1938, Tab. 3). 

Mit Ende Feber wurde es rasch wärmer. Das meteorologische Institut in 
Innsbruck verzeichnete am 29.II. 14h 13°. Verlangsamt setzte sich der Tem- 
peraturanstieg in den März hinein fort. Lassen die Wetterdaten von 10.III. 
den Klimaumschwung vom Winter zum Vorfrühling, der sich in den letzten 
12 Tagen vollzogen hatte, deutlich erkennen, so zeigen die Messergebnisse, 
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Abb. 5. Transpirationsverlauf an einem Auguststandardtag im feuchten Sommer 1948 und 
im trockenen Sommer 1947. Erläuterung wie Abb. 3. 


| 

| 17. VIII. 48 | 19. VIN. 47 | 

Pemiperatur mule. Na des | 12,4 27,2 | 13,5 305 | 
Belskeuchte Yet. uw. 14b sat 20 88 Sh 21275 2 
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Abb. 6. Transpirationsverlauf an einem Standardtag im September 1948 (Boden nicht 
trocken) und 1947 (Boden und Luft extrem trocken). 


| ET Ten | 
i a EEE 
LEemperatur >, v2.1) ARR IN ne 5,8 21,2 | 15,0 30,0 
Rel. Feuchte 0/0, 7. u. 14 una 94 43 | 68 23 
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wie sehr sich auch der Baum inzwischen umgestellt hat. Die Evaporation 
war gegenüber dem vorausgegangenen Messtag höchstens verdoppelt, die 
Transpiration in der Sonne aber erreichte oder iiberschritt die 100 mg-Linie. 
Das Transpirationsvermögen (T/G.E) ist durchschnittlich mindestens 7 mal 
so gross wie zu Ende des Vormonats. 

Als bezeichnend für das Verhalten des Baumes an diesem warmen Vor- 
frühlingstag ist hervorzuheben, dass 1.) die zweijährigen Triebstücke c.p. 
lebhafter transpirieren als die letztjährigen; besonders aber, dass 2.) die 
Tagesabläufe der Transpiration in allen Teilen der Krone eingipfelige Kurven 
mit Maximum zwischen 11—13 Uhr ergeben und 3.) der Wasserverbrauch 
an der beschatteten Seite des Baumes 73 °/o von jenem der besonnten in 
gleicher Stammhöhe beträgt. Das ist im Vergleich mit den Erfahrungen zu 
späterer Jahreszeit ungewöhnlich viel, wie denn auch das durchschnittliche 
Transpirationsvermögen (T/G.E) im Schatten derzeit grösser ist als während 
der Sommermonate und auch grösser als auf der Gegenseite. Dieser Verhal- 
tens typ findet sich beiläufig noch im April, kehrt dann aber erst im Herbst 
wieder. 

Merkwürdigerweise zeigt das Transpirationsvermögen sonnseitig schon früh eine 
gewisse Tendenz zu fallen, was mangels einer nachmittägigen Gegensteigung nicht 
etwa darauf zurückführbar ist, dass die horizontaiexponierte Evaporimeterscheibe 
bei hochstehender Sonne sich relativ mehr erwärmt als am Morgen, während die 
Erwärmung des Zweiges mit seinen nach allen Richtungen abstehenden Nadeln 
weniger von Sonnenstand abhängig ist. Es ist vielmehr wohl anzunehmen, die gegen 
Mittag rasch steigende und anhaltende Lufttrockenheit habe incipient drying oder 
leichte Spaltenverengung verursacht. Im Oktober steigt das Transpirationsvermögen 
umgekehrt bis spät in den Nachmittag. 

Im April ergaben sich eingipfelige Kurven ähnlich wie im März, doch sind 
aus Bild und Tabelle manche bemerkenswerte Einzelheiten ablesbar, z.B., 
dass das Transpirationsvermögen sonnseitig weiter zugenommen hat, an der 
Schattenseite dagegen zurückgegangen ist. Vorallem, dass es hier schon um 
10" den beachtlichen Höchstwert von 0,16 (im März nur 0,12) erreicht, dann 
aber sehr steil und ständig sinkt, während die Sonnentriebe sich weniger 
überheben und erst nach 11—12 Uhr einschränken. Am frühen Vormittag 
verhält sich demnach der Baum in allen Teilen wie im März, dann aber 
reagiert er im beschatteten Teil empfindlich auf die seit dem Vorfrühling 
weiter verschärften Verdunstungsbedingungen. Von Bodentrockenheit konnte 
keine Rede sein. 

Die Einschränkung auf der Schattenseite des Baumes verstärkt sich mit 
fortsehreitender Jahreszeit und wachsender Evaporation, wie das Ergebnis 
jeden Sommertages zeigt. Die im Mai ‘ausgetriebenen, hellgrünen, jungen 
Nadeln — wir führen sie in Bild und Tabelle künftig als »letztjährig», wäh- 
rend die bisher so bezeichneten nunmehr als »vorjährig» aufscheinen — be- 
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—: So.ob. lj. 


— So.unt. lj. 


8° "70" 129 eI EN EN TEEN oe 


Abb. 7. Tagesgang des Transpirationsvermögens an den Standardtagen im August und Sep- 
tember 1948 (Boden feucht) und 1947 (extrem trocken). Im Kurvenbild vom 17.VIII.1948 
links oben sind mit Kreuzen die Werte sonnseitiger, mit Kreisen jene schattseitiger Triebe 
des oberen Kronenbezirkes dazu eingetragen, wie sie am 27.VIII. bei trüben Wetter be- 
stimmt wurden. 
Die Schattentriebe entwickeln bei Triibwetter ein wesentlich héheres Transpirationsver- 
vermögen als am Klartag. 


nehmen sich, solange sie noch weich und unausgereift sind, in Überein- 
stimmung mit unseren früheren Erfahrungen (P & C, 1939) durchwegs vor- 
sichtiger als die überwinterten; sie verhalten sich sonnseitig grundsätzlich 
ähnlich wie Schattennadeln, indem sie die Wasserabgabe zeitig und dauernd 
einschränken. Besonders an der Kronenbasis fällt das auf. Daher zeigen im 
Frühsommer (26.VI.) bloss die überwinterten Sonnennadeln erheblichen 
Wasserverbrauch; ihre Transpirationskurven sind aber im Gegensatz zu 
früher nun charakteristisch zweigipfelig mit ausgesprochenen Mittags- 
minimum (Abb. 4 links). 
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Lebhafteste T ranspiration findet man an 
warmen, klaren Hochsommertagen bei den her- 
angereiften, heurigen Sommertrieben (Abb. 5, 
Maximum 17.VIII. am unteren Kronenrand 300 
mg/g.h) ; die Vorjährigen bringen es am selben 
Tage unter gleichen äusseren Bedingungen im 
Mittel auf rund 86, die Drei-Sechsjährigen auf 
78 (oben) bis 65 ®/o der Letztjährigen (unten). 
Im Transpirationsvermögen (Abb. 7 links oben) 
erscheint ein frühes Maximum um 8# von einem 
frühen Minimum abgelöst, worauf ein 2. Maxi- 
mum schon um 11 folgt, nach dessen Über- 
schreitung die Werte weiterhin niedrig bleiben. 
Das entspricht ausgezeichnet dem Auf und Ab 
der Spaltweite, wie sie Stälfelt (1926) für süd- 
exponierte Triebe der Kronenperipherie zur 
selben Jahreszeit und unter denselben Verhält- 
nissen, wie sie an unsesem Messtag herrschten, 
bezeichnend fand. Auch die vergleichsweise 
starke Einschränkung der Transpiration im 
Schatten hat im Stalfelt’schen Spaltenbefund 
ihr genaues Seitenstück. 

Rasch war der Schritt vom Hochsommer zum 
Frühherbst, dessen Klima infolge des tieferen 
Sonnenstandes, der längeren und kühleren 
Nächte die Evaporation wieder herabdrückte. 
Ihr Tagesmittel am 27. September entspricht 
dem Stand vom März. Damit ging auch der 
absolute Waserverbrauch des Baumes deutlich 
zurück. Kein Wunder also, dass zwei Wochen 
ausgesprochener Regenarmut, die den Baum 
im Sommer, wie wir noch sehen werden, sehr 
beeindrucken, zur jetzigen Jahreszeit wenig be- 
deuten. Er transpiriert im Gegenteil sehr leb- 
haft; auf der Schattenseite, wo er sonst bei 


ion in m 


ge 


Transpirat 
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Abb. 8. Transpiration im Ok- 
tober, Boden feucht. Erlaute- 
rungen wie Abb. 4. 


Temperatur ©, 7. u. 44h 5,1 19,4 
Rel, Feuchte %, 7. u. 14 96 50 


Lufttrockenheit zuerst bremst, im Verhältnis zur Evaporation mehr als je, 
in der Sonne kaum weniger als im August, also rundum so ziemlich maxi- 
mal (Abb. 6 und 7 links). Einzig eine gewisse Zurückhaltung der vor- 
jährigen Nadeln, deren Wasserverbrauch nur 70 %/o von dem der Letztjähri- 
gen ausmacht, und der Umstand, dass Verbrauch und Transpirationsver- 
mögen von Zweigen der Kronenbasis, die sonst denen der Wipfelregion immer 
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Abb. 9. Jahresgang des Transpirationsvermögens T/G.E (Transpiration je g Frischgewicht 
bezogen auf die dazugehörige Evaporation) auf der Sonnen- und Schattenseite des Baumes. 
Mittelwerte der einzelnen Standardtage im feuchten Jahre 1948. 


überlegen waren, augenblicklich dieser bloss gleich sind, verrät, dass es um 
die Wasserversorgung nicht allerbestens bestellt war. Im Oktober sind diese 
kleinen Unregelmässigkeiten verschwunden und damit wieder alle Anzeichen 
günstiger Lage vereint. Das auffallend späte Maximum in Transpiration und 
Transpirationsvermögen erweckt den Eindruck als ob die Spalten erst nach 
der Mittagswärme richtig öffnen wollten. 

Als im November das Tagesminimum der Temperatur wiederholt 0 Grad 
unterschritten hatte und gegen Ende des Monats regelmässig zuerst schwache, 
schliesslich stärkere Nachfröste bis — 6° aufgetreten waren, fanden wir die 
Transpiration absolut wie relativ in raschem Fallen. In den letzten Tagen des 
Monats war der gleiche Tiefpunkt wie Ende Feber erreicht, der Baum völlig 
in den winterlichen Ruhezustand getreten. 

Überblickt man abschliessend an Hand der Tagesmittel 1.) die Transpira- 
tion der einzelnen Jahrgänge (Tab. 2, Abb. 9) so ergibt sich, dass die neu- 
ausgetriebenen, heurigen Nadeln besonders sonnseitig, solange sie noch nicht 
ausgereift sind, den Vorjährigen unterlegen bleiben. Sie überflügeln diese 
aber dann und behaupten bis in den Herbst einigen Vorrang. Die Mehr- 
jährigen geben c.p. noch weniger Wasser ab als die Vorjährigen (Tab. 2 oben). 

2. Uber den Gang des Transpirationsvermégens im Laufe dieses Jahres, 
das — wie erwähnt —- keine tiefer gehende Bodentrockenheit aufkommen 
liess, ergibt sich kurz folgendes Bild (Abb. 9): Dem jähem Sturz des Trans- 
piralionsvermögens zur späten Jahreszeit, der den Übergang des Baumes in 
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Schatten oben®;,. 
NOS 


Abb. 10. Änderung des Transpirationsver- MM 


môgens der einzelnen Kronenbezirke bei 0007 


zunehmender Trockenheit. Tagesmittel. Nä- 0 14 30 Tage 60 
heres im Text. Unten Niederschlage (mm). trüb Dauer der Trockenheit, alles Klartage 


den winterlichen Ruhezustand mit geschlossenen Spalten verrät, entspricht 
unter den gegebenen Verhältnissen ein ebenso plötzliches Ansteigen im Laufe 
der ersten Märztage, worin sich die Hand in Hand mit dem reziproken Klima- 
umschwung erfolgte Umstellung zur Sommeraktivität anzeigt. Sonnseitig 
steigt dann das Transpirationsvermögen mit fortschreitender Jahreszeit, also 
wachsender Evaporation, auch weiterhin, zwar viel schwächer als anfangs, 
aber doch ständig bis in den Hochsommer. Wogegen auf der Schattenseite 
das Transpirationsvermögen bis Ende Juni fällt und auch in den anschlies- 
senden Sommermonaten relativ gedrückt bleibt; erst der Herbst bringt neuer- 
lich Höchstwerte. Man kann die gegensätzliche Form der Jahreskurven der 
beiden Seiten des Baumes auch so umschreiben: An Klartagen transpiriert 
der Baum (feuchten Boden vorausgesetzt) nur im milden Vorfrühlings- und 
Herbstklima rundum annähernd gleichmässig. Unter den verdunstungsför- 
dernden Verhältnissen sommerlicher Standardtage beschränkt er das Trans- 
pirationsvermögen seiner beschatteten Teile zu Gunsten der besonnten. Das 
entgegengesetzte Verhalten der Sonnen- und Schattenseite, das an jedem Ein- 
zeltag während des Sommers immer wieder auffällt, tritt somit auch im 
Jahresgang mit aller Deutlichkeit zu Tage. 

Während des Beobachtungsjahres kam keine Bodentrocknis auf. Es muss 
daher schon eine gewisse Trockenheit der Luft, vielleicht zusammen mit 
erhöhter Beanspruchung der sonnseitigen Baumpartie genügen, um die be- 
schatteten Teile der Krone zur Einschränkung der Wasserabgabe zu ver- 
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anlassen. Dass es sich wirklich so verhält, zeigt das Benehmen des Baumes 
bei bewölktem Himmel, wobei die Lufttemperatur niedriger, die Feuchtig- 
keit höher blieb als an Klartagen. 


2. Tage mit wechselndem oder trübem Wetter (1948). 


Infolge der Unbeständigkeit solcher Wetterlage umfassen die Beobachtun- 
gen immer nur Tagesbruchstücke von 4—-5 Stunden, deren Mittel wir in 
Tabelle 3 dem Durchschnittswert der entsprechendem Tagesabschnitte von 
unmittelbar vergleichbaren Standardtagen an die Seite stellen. 

Immer wieder zeigte sich, dass bei bedecktem Himmel die Sonnentriebe 
gemäss der durch die Wolkenschatten verringerten Evaporation schwächer 
transpirieren als an Klartagen, ihr Transpirationsvermögen also nicht wesent- 
lich ändern, während die Schattentriebe trotz der verringerten Evaporation 
viel mehr Wasser abgeben. Letztere transpirieren im Verhältnis zur Evapora- 
tion sehr viel intensiver als an Standardtagen (vergl. auch T/E Abb. 4 und 7). 
Dies gilt besonders von den Schattentrieben der Kronenbasis, die bei Klar- 
wetter die ersten sind, welche einzuschränken beginnen. Die durch die gemäs- 
sigten Verdunstungsverhältnisse warmfeuchten Trübwetters verursachte Ver- 
ringerung der Wasserabgabe an der Sonnseite des Baumes kann durch die 
aus demselben Grunde stark übersteigerte Transpiration seiner beschatteten 
Seite so ausgeglichen werden, dass der Wasserverbrauch des ganzen Baumes 
hinter jenem am Standardtag kaum zurückbleibt. Schattentriebe entfalten 
bei bedecktem Himmel ihr grösstes Transpirationsvermögen, ein grösseres 
sogar als ihnen an Vorfrühlings- und Herbststandardtagen eigen ist, 

Unser Befund über das Transpirationsvermögen der beiden Seiten des 
Baumes an Trüb- und Klartag stimmt völlig überein mit dem Bild der Spal- 
tenregulation wie es Stalfelt (1926) herausgearbeitet hatte, als er unter wech- 
selnden hochsommerlichen Verhältnissen (Ende Juli bis Anfang August) 
mittels Ätherinfiltration die täglichen Änderungen des Öffnungszustandes der 
Spalten an Zweigen verschiedener Exposition untersuchte. Stälfelt stellte fest, 
dass bei feuchtkühlem Wetter und reichlich Wasser im Boden die Spalten 
mehrere Stunden hindurch weitest geöffnet sind; dass dagegen bei Aufklären 
des Wetters das breite hohe Maximum der Spaltweite zerteilt wird, weil 
mittags die Spalten sich verengen. Diese Verengung setzt umso früher am Tag 
ein und dauert umso länger je trockener das Wetter ist, und sie macht sich 
an den am meisten beschatteten Trieben am stärksten geltend. Die Herab- 
setzung der »Diffusionskapazität (="Tagesdurchschnitt der Spaltweite) be- 
trifft zuerst diejenigen Nadeln, die als Assimilationsorgane die schlechteste 
Lage haben. Diese grundsätzliche Übereinstimmung zwischen den Änderun- 
gen des Transpirationsvermögens und jenem der Spaltweite zeigt wiederum, 
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Tab. 4. 
oo 
Monat Schattentranspiration Sättigungsdefizit d. Tutt 
in mm Hg um 14h 
ee RP TE 
| 
III keinesEimsehrankunga as 8,6 klar 
IV eingeschranktenee ee cones os Nee 17,9 Föhn! 
Vi keinesEınschrankung oes. sshodess ste eeenee 9,4 trüb 
VI ÉIDEESCRTAN LEE nern 15,8 klar 
VII eingeschrankt ...... SBC GROSS SCOOT AcE wee 19,6 klar 
VIII stank eingeschrankt ..................2.- 18,8 klar 
VIII keinesEinschrankunge tee 10,3 Wechselwetter 
IX wenig eingeschränkt ........................ 10,8 klar 
X michtreinseschrank tens... cetera ee 8.3 klar 


dass es innerhalb gewisser Grenzen durchaus berechtigt ist vom Ersten auf 
das Zweite zu schliessen.! Wenigstens soweit es sich um tages- oder jahres- 
zeitliche Anderungen innerhalb der Sonnenwerte einerseits, der Schattenwerte 
andererseits handelt. Beim Vergleich zwischen dem Transpirationsvermégen 
in Sonne und Schatten mag grössere Vorsicht angezeigt scheinen. Die eben 
hervorgehobene Übereinstimmung mit Stälfelts Spaltenbefunden und die bis- 
herigen Ergebnisse eigener Experimente in dieser Angelegenheit, über die 
wir an anderer Stelle bald zu berichten hoffen, lassen jedoch auch hieraus 
gezogene Folgerungen durchaus berechtigt erscheinen. 

Das verschiedene Verhalten von Sonnen- und Schattenblättern hat schon 
Huber (1924) bei Transpirationsbestimmungen an abgeschnittenen Zweigen 
der Stieleiche erkannt und darauf zurückgeführt, dass die Spaltöffnungen der 
Schattenblätter auf erschwerte Wasserversorgung empfindlicher reagieren 
als jene der Sonnenblatter. Auch Stälfelt (1926) diskutiert diese Möglichkeit 
neben der anderen, dass nämlich Schattenblätter geringere Fähigkeit haben 
Wasser anzusaugen. Hinsichtlich des zweiten Punktes beruft er sich auf die 
Erfahrung, dass Sonnenblätter bei Wassermangel aus Schattenblättern Was- 
ser zu saugen vermögen (z.B. Wiesner, 1905) und höhere osmotische Werte 
haben (Ursprung & Blum, 1926, vergl. auch Walter, 1931). In diesem Zu- 
sammenhang gewinnen einige Angaben bei P & C (1939, S. 50) Bedeutung, 
wonach Schattenblätter einer jiingern Buche bei 2 bis 3 %/o Sattigungsdefizit, 
Sonnenblätter erst, nachdem ihr Wasserverlust 5 °/o überschritten hatte, die 
Transpiration einzuschränken begannen. Ohne dem Ergebnis in dieser Rich- 
tung gesondert laufender eigener Untersuchungen vorzugreifen, können wir 
doch schon sagen, dass auch Schattennadeln der Fichte bei geringerem Was- 
serverlust als Sonnennadeln ihre Stomata hydroaktiv verengen und völlig 
schliessen. Da sie sonach — gleiche Elastizität der Membranen vorausgesetzt 


1 Nicht umgekehrt, weil z.B. im Bereich grosser Spaltweiten Änderungen derselben auf 
die Transpiration keinen Einfluss haben (Stälfelt, 1932). 
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— höheren Turgor behalten, wäre es nach der bekannten Beziehung zwischen 
den osmotischen Zustandsgrössen sehr verständlich, dass sie schwächere 
aktuelle Saugkraft entwickeln. 

Berechnet man aus den Temperatur- und Feuchtedaten der einzelnen Ver- 
suchstage das Wasserdampfdefizit der Luft (Sättigungsdruck bei gegebener 
Lufttemperatur minus tatsächlicher Dampfdruck) dann zeigt sich, dass der 
Baum die Transpiration auf seiner beschatteten Seite unabhängig von der 
Jahreszeit immer dann einzuschränken begann, wenn das Dampfdruckdefizit 
etwa 10 mm überschritt (Tab. 4). 


3. Standardtage im Trockensommer 1947 


Fassen wir nochmals zusammen: Bei gut durchfeuchtetem Boden und 
mässigem Dampfhunger der Luft transpiriert der Baum in allen seinen Teilen 
maximal und mit Rücksicht auf die Evaporation ungefähr gleich stark (Abb. 
11, trüb). Es genügt schon eine gewisse Trockenheit der Luft, wie sie bei 
sommerlichen Klarwetter fast immer sich einstellt, neben der Insolation, dass 
die Spaltweite auf der Schattenseite verringert und damit Transpirationsver- 
mögen und Wasserverbrauch hier zu Gunsten der besonnten Teile einge- 
schränkt werden (Abb. 10, 0 Tage trocken). In beiden Fällen ist die Trans- 
piration am unteren Kronensaum meist etwas grösser als in Wipfelnähe, so 
dass neben dem an jedem hochsommerlichen Klartag, oben wie unten in die 
Augen springenden, queren Transpirationsabfall von der Sonnseite zur Schat- 
tenseite beiderseits eine weniger auffällige Abnahme in der Längsrichtung 
besteht. Bei höheren Bäumen, besonders der Schattholzarten Picea und Fagus, 
kann aber auch diese 'Transpirationsabnahme von der Basis zur Spitze sehr 
ausgeprägt sein, wie Huber (1931) hervorgehoben hat. 

Darüber wie sich der Baum verhält, wenn zur Lufttrockenheit noch Boden- 
trocknis hinzu kommt, geben Messungen vom Juli bis September 1947 
Aufschiuss. In Abbildung 5—7 sind charakteristische Tagesgänge aus diesem 
Trockensommer 1947 den Kurven gleichen Datums aus dem bisher aus- 
schliesslich besprochenen feuchten Sommer 1948 gegenübergestellt. Abbildung 
11 enthält eine Übersicht vom Benehmen des Baumes bei zunehmender Dürre. 

Während bis 20. Juli 1947 in Innsbruck häufige und teilweise sehr aus- 
giebige Niederschläge gefallen waren, blieben solche in den folgenden 15 
Tagen bei anhaltendem Klarwetter völlig aus und späterhin regnete es selten 
und wenig (Abb. 2). Der Boden trocknete durch freie Verdunstung und in- 
folge der pflanzlichen Transpiration zunehmend aus. Ein Monat nach Beginn 
der Dürreperiode war er bis 20 cm Tiefe staubtrocken, was im Verein mit 
der verringerten Transpiration ein Hauptgrund sein mag, dass die relative 
Luftfeuchte an der Kronenbasis mittags nur 22 °/o betrug. Da gleichzeitig 
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Wassergehalt in g/g Trockengew. 


Abb. 11. Wassergehalt bei zunehmender Boden- a aero, oes 
trockenheit. Jeweils nach 48-stiindiger Wassersätti- un 6.1X. extrem trocken 
gung (wg), um 6h (vor Sonnenaufgang) und 15h (be- 
vor der Baum in Schatten kam). Dicke Linien — 
letztjährige Triebe, dünne Linien — vorjährige 
Triebe). 
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wg 6 15 wg 6 15 wg 6 15h 


die Lufttemperatur ungewöhnliche hoch war (30,5°), musste die Evaporation 
erheblich über den Durchschnitt sommerlicher Standardtage ansteigen. Ent- 
sprechendes gilt auch von der Folgezeit, doch war die Wirkung der anhal- 
tenden Dürre schliesslich stark verlangsamt, weil der Sommer inzwischen in 
den Herbst überging. 

Schon nach den ersten zwei regenlosen Wochen (Abb. 10 „14 Tage trocken”) 
war die Transpiration im Vergleich zum Ausgangstag nicht nur schattseitig 
absolut und relativ weiter zurückgegangen; auch auf der Sonnseite schränkte 
der Baum die Wasserabgabe nunmehr erheblich ein. Der Rückgang setzte 
sich mit fortschreitender Dürre beiderseits ständig fort, wobei aber das 
Transpirationsvermögen an der Lichtseite immer höher blieb als auf der 
Gegenflanke. Nach Monatsfrist war von den zwei bis drei Gipfeln, die im 
Tageslauf des Transpirationsvermögens auftreten solange der Boden feucht 
ist, nur der frühe erste noch deutlich feststellbar; auch dieser war nur sonn- 
seitig zu bemerken und niedrig. Schon ab 8 Uhr früh fallen die Kurven, 
besonders jene vom untern Kronensaum (Abb. 7). Der Verlauf der T/G.E- 
kurven entspricht wieder völlig dem Gang der Spaltweite wie ihn Stälfelt 
(1926) für ähnliche, wenn auch weniger strenge Verhältnisse beschreibt. Im 
Tagesdurchschnitt (Abb. 10) war das Transpirationsvermögen im besonnten 
obern Kronenteil nach einem Monat auf rund 2/3 des Ausgangswertes zu 
Beginn Trockenzeit gefallen, im Schatten daselbst auf 1/2, an der Kronen- 
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basis rundum sogar auf 1/3. Während der Baum, solange der Boden feucht 
blieb, an der Kronenbasis lebhafter transpirierte als in der Wipfelregion, 
schränkt er mit beginnender Bodentrockenheit die Wasserabgabe an der 
Basis energischer ein als oben. Die ursprüngliche Überlegenheit des Kronen- 
grundes war schon nach 14-tägiger Trockenheit verschwunden; nach Monats- 
frist hatte sich das Verhältnis zwischen unten und oben völlig in eine spitzen- 
wärtige Zunahme der Transpiration umgekehrt: jetzt transpirieren die wipfel- 
nahen Teile mehr als die basalen. 

Nochmals dreissig Tage später, nachdem die mediterrane Wetterlage volle 
zwei Monate gedauert hatte, war es bereits Herbst. Die Verkürzung des Tages 
und die geringere Wärme milderten die Verdunstungsbedingungen immer 
mehr, weshalb sich die Folgen der im übrigen unvermindert anhaltenden 
Trockenperiode nicht so zuspitzten als wenn sie zu früherer Jahreszeit be- 
gonnen hätte. Dennoch setzen die Tageskurven des Transpirationsvermögens 
vom 18. September (Abb. 7) in allen Kronenteilen die im vorausgegangenen 
Monat eingeschlagene Tendenz fort — das frühe und einzige Maximum er- 
scheint noch mehr gedrückt als damals, geschweige zur gleichen Zeit im 
feuchten Folgejahre — und lassen, indem sie sich einander nähern, sehr 
wohl erkennen wie sich das Verhalten des Baumes weiterentwickelt hatte. 
Noch immer bleibt die Sonnen- der Schattenseite und der Wipfelbereich dem 
Xronengrund überlegen, aber bei dieser weitgesteigerten Bodentrockenheit 
verringern sich nunmehr die Unterschiede im Transpirationsvermögen der 
Teile, weil der besonnte Wipfelbezirk, der am hartnäckigsten einen gewissen 
Vorrang behauptet hatte, schliesslich auch nicht mehr darum herumkam, 
die Wasserabgabe energisch einzuschränken. 

Jetzt verschwindet auch der Unterschied zwischen den letztjährigen (heuri- 
gen) und den vorjährigen Trieben; wenigstens südseitig ist das der Fall. Wie 
S. 16 erwähnt worden, hinken die Vorjährigen bei Klarwetter schon dann, 
wenn der Boden noch gut durchfeuchtet ist, den heurigen etwas nach (Abb. 9). 
Bei beginnender Bodentrockenheit bleiben sie umsomehr zurück, schliesslich 
aber bescheunigen sie die Transpirationseinschränkung weniger als die heuri- 
gen Triebe und stehen dann hinsichtlich Wasserverbrauch und Transpira- 
tionsvermögen mit diesen auf demselben Tiefpunkt (Tab. 2, 2). 


IV. Wasserbilanz 


Über den Erfolg des geschilderten Verhaltens geben die Änderungen des 
Wassergehaltes und osmotischen Wertes als bewährte Bilanzzeiger Auf- 
schluss. Aus mehrfachen Bestimmungsreihen sind in Abbildung 11 für 3 
charakteristische Standardtage jeweils der Wassergehalt am Morgen (vor Son- 
nenaufgang) und Nachmittag, sowie nach 48-stündiger Wassersättigung 
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Tab. 5. Osmotische Werte in At zu Beginn und bei fortgeschrittener Trockenheti 1947. 


24. VII. | 6-18. | 

Sonnenseite, oben letztjährige Nadeln, 7h 17,4 19,5 
15h | 19,8 21,5 

> »  vorjahrige > 7h 16,4 17,6 

15h 21,1 20,6 

Sonneseite, unten, letztjährige » 7h 15,4 17,6 
15h 18,7 2142 

Schattenseite, unten, letztjährige » Th 15,9 17,6 
15h 18,3 19,2 


(wobei die Zweige mit den Schnittflachen im Wasser in feuchter Kammer 
standen) zu Kurven zusammengefasst. Man sieht, dass der Wassergehalt je 
nach Charakter und Alter der Nadeln spezifisch schwankt. Er wächst mit 
abnehmenden Sonnenblattcharakter und ist bei den heurigen Trieben durch- 
wegs grösser als bei den vorjährigen. Man sieht weiter, dass allgemein, wenn 
man den Sätligungswert als Grundlage nimmt, selbst bei bester Wasserver- 
sorgung aus dem Boden (vor Beginn der Trockenzeit, 22.VII., dick durch- 
gezogene Kurven) schon morgens ein gewisses Sättigungsdefizit zu bestehen 
scheint, das innerhalb jedes der beiden letzten Jahrgänge von den unteren 
Schattenzweigen zu den oberen Sonnenzweigen zunimmt. Dieses Morgen- 
defizit beträgt beim heurigen Zuwachs der Letzteren etwa 12, bei den Vor- 
jährigen 16 °/o. Es kann durch die Art der Wassersättigung übertrieben sein. 
Am Nachmittag fanden wir den Wassergehalt bei den Sonnenzweigen kaum 
geringer als am Morgen. Wichtiger ist hier im Zusammenhang mit dem 
sonstigen Verhalten des Baumes, dass die Tageskurven des Wassergehalts 
nach 2 Wochen regenlosen Schönwetters (6.VIII., gestrichelt), das sich in der 
Transpiration sehr bemerkbar machte (Abb. 10), mit denen des Ausgangs- 
tages durchwegs zusammenfallen. Der Baum hatte mit vorsichtiger Trans- 
pirationseinschränkung in allen Teilen der Krone so erfolgreich reagiert, dass 
von Anfang an jede Unterbilanz vermieden blieb. Für einen Baum, der in 
einem einigermassen tiefgründigen, gut Wasser haltendem Boden steht, 
brauchen zwei Wochen regenlosen, sommerlichen Schénwetters noch keine 
Verlegenheit bedeuten. Aber selbst die Kurven aus der zweiten Hälfte der 
langen Trockenzeit (6.1X., strichpunktiert) blieben nur wenig unter den ande- 
ren und laufen diesen fast parallel. Die Wassergehalte sind also nur unbe- 
deutend verringert, die Bilanz ist in keinem Teil bemerkenswert verschlechtert 
worden. In dem selben Sinne sprechen die osmotischen Werte, die leicht 
anstiegen und sich ebenso wie der Zuckerspiegel vöilig im Rahmen des aus 
normalen Jahren Bekannten hielten. Die Nadein zeigten keine Spur von Ver- 
gilben. Einige Proben ähnlich geringer Unterschiede des osmotischen Wertes 
anderer Nadelhölzer führt Walter (1950, S. 185) aus den Rocky Mountains an. 
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Nicht nur die zwei Versuchsfichten, die ziemlich frei und in verhältnis- 
mässig tiefgründigem Moränenboden wurzeln, hatten sich dem kritischen 
Sommer gewachsen erwiesen, auch die Hochwälder der Umgebung hielten 
ihn schadlos durch; ja im ganzen Lande wurden im Gegensatz zu manchen 
anderen Gegenden der Alpen und Mitteleuropas nur unerhebliche Dürre- 
schäden verzeichnet, obwohl die Fichte als Flachwurzler bekanntlich leicht 
darunter leidet. Das günstige Bild mag vor allem dem Umstand zu danken 
sein, dass in Tirol nur in sehr begrenztem Masse künstlich aufgeforstet wurde, 
die Wälder zumeist sich natürlich verjüngten und die lange, natürliche Selek- 
tion bodenständige Rassen bezw. Wälder aussiebte, die den gegebenen Ver- 
hältnissen wohl angepasst sind.’ Vielleicht eignet diesen Rassen im beson- 
derem Masse das feinabgestimmte Reaktionsvermögen, von dem hier die 
Rede war, d.h. die Fähigkeit schon bei geringer Anspannung der Bilanz sofort 
eine unterste Stufe von Sparmassnahmen einzuschalten, welche vermutlich 
die am wenigsten produktiven Bezirke betrifft, und nötigenfalls in geregelter 
Folge weitere Einschränkungen, schliesslich auch an wesentlichen Punkten 
energisch vorzunehmen. Doch dürfte derartige Fähigkeit an sich auch ande- 
ren zukommen. Untersuchungen, die P& C (1939) an jüngeren Birken, Lär- 
chen, Kiefern, Buchen und Fichten am Ende einer weniger extremen, aber 
immerhin mehrwöchigen Trockenheit im Frühjahr 1937 vorgenommen hat- 
ten, zeitigten grundsätzlich übereinstimmende Ergebnisse, ähnlich den hier 
berichteten: auch damals liessen osmotischer Wert und Wassergehalt bei 
stark eingeschränkter Transpiration keine nennenswerte Unterbilanz erken- 
nen. Dies spricht dafür, dass vorsichtiges und wohlgeregeltes Verhalten — wie 
es schon die Grösse des Vegetationskörpers und die Länge der Leitstrecken 
erfordert — eine allgemeine Eigentümlichkeit unserer Bäume ist, mögen 
dabei immerhin noch charakteristische, feinere Unterschiede von Art zu Art 
je nach deren Ökologischer Einstellung bestehen. 

Vor allem zufolge des fein abgestimmten Reaktionsvermögens vermag die 
Fichte und andere Bäume die Hydratur verhältnismässig lange optimal zu 
erhalten. Über den maximalen osmotischen Wert und das subletale Defizit 
ist wenig bekannt (über letzteres siehe Pisek und Berger, 1938). Wahrschein- 
lich liegen beide Grössen im Sommer bei keiner unserer Arten hoch, so dass 
die Bäume also dem stenohydren Typ im Sinne Walter’s zuzuzählen sind. 
Sie scheinen ausgesprochen hydrostabil und stenohyder mindestens im Ver- 
gleich zur Mehrzahl der heimischen Kräuter, bei welchen in Trockenzeiten 
die osmotischen Werte rasch auf das doppelte und mehrfache ihres Anfangs- 
betrages ansteigen (Volk 1935), sei es weil sie grosse Wasserverluste riskieren 


1 Nach Lüdi und Zoller (1949) und besonders Schimitschek (1950) ergaben sich Dürre- 
schäden an Fichten vor allem in künstlichen Reinbeständen und ausserhalb des natürlichen 
Verbreitungsgebietes der Fichte. 
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(Coronilla varia, P & C, 1931; Brunella grandiflora, Müller-Stoll, 1935) oder 
solche einfach erleiden, wie die Mehrzahl der krautigen Pflanzen. Nur Tief- 
wurzlern gelingt es länger in Bilanz zu bleiben, besonders wenn sie ober- 
irdisch geringe Oberfläche haben. 


Zusammenfassung 


Im trockenen Sommer 1947 und in den nachfolgenden Normaljahren wur- 
den an einem auf sonnigem Hang in Moränenboden freistehenden Baum von 
13 m Höhe die Tagesgänge der Transpiration in verschiedener Stammhöhe 
sonn- und schattseitig zusammen mit der Evaporation untersucht (Schnell- 
wägemethode). — Im Vorfrühling steigt die Wasserabgabe sowohl absolut 
als besonders im Verhältnis zur Evaporation (»Transpirationsvermögen») 
sprunghaft an, im Spätherbst fällt sie als Zeichen des Überganges zur Winter- 
ruhe ebenso steil zurück. In normalen Jahren ohne längerdauernde Trocken- 
periode transpiriert der Baum im milden Frühlings- und Herbstklima, wenn 
man die Evaporationsunterscheide zwischen der Licht- und Schattenseite 
berücksichtigt, auch an sonnigen Tagen rundherum annähernd gleich und 
maximal. Im Sommer ist dies nur bei bewölktem Himmel der Fall; an klaren 
Sommertagen wird dagegen das Transpirationsvermögen der beschatteten 
Seite, wenn das Sättigungsdefizit der Luft etwa 10 mm überschreitet, zu 
Gunsten der belichteten Teile eingeschränkt, indem die Schattenzweige auf 
Unterbilanz im allgemeinen empfindlicher mit Schliessbewegung der Stomata 
reagieren als Sonnenzweige. Solange der Wurzelhorizont durchfeuchtet bleibt, 
ist die Transpiration je Frischgewichtseinheit — absolut und relativ zur Eva- 
poration — an der Kronenbasis in jeder Exposition grösser als im Wipfel- 
bereich. Wenn der Boden auszutrocknen beginnt, verstärkt der Baum nicht 
nur die Einschränkung der Wasserabgabe auf seiner Schattenseite, sondern 
fängt auch bei den besonnten Zweigen an zu sparen. Er tut dies aber im 
unteren Kronenteil ringsherum energischer als oben, so dass der Unterschied 
im Wasserverbrauch und Transpirationsvermögen von Basis und Spitze ver- 
schwindet und bei zunehmender Bodentrockenheit sich völlig umkehrt: nun 
behauptet die Wipfelregion im allgemeinen Rückgang grösseres Transpira- 
tionsvermögen als der untere Kronenteil. -- Der Baum reagiert als Ganzes 
auf drohendes Defizit gleich von Anfang empfindlich und es gelingt ihm 
durch stufenweise Sparmassnahmen, die zunächst die weniger produktiven 
Teile betreffen, bei zunehmenden Wassermangel die Abgabe weitgehend der 
Aufnahme anzupassen. Kontrollen des Wassergehaltes und osmotischen Wer- 
tes ergaben, dass diese Bilanzanzeiger selbst im ungewöhnlichen Trocken- 
sommer 1947 in allen Kronenteilen erstaunlich stabil blieben. Solch vorsich- 
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tiges und wohlgeregeltes Verhalten dürfte auch für andere Schattenhölzer 
wie die-Buche, in weiteren Grenzen wahrscheinlich für den Baum im allge- 
meinen (im Gegensatz zu den meisten krautigen Pflanzen) typisch sein. 


= 


or 
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Salinity as an Ecological Factor in Marine Phytoplankton 
By 
TRYGVE BRAARUD 


Biological laboratory, sect. B, Blindern-Oslo 
(Received Nov. 30, 1950) 


Marine coccolithophorides, diatoms and dinoflagellates seem to be respon- 
sible for more than half of the total organic production on the earth. In spite 
of their obvious importance in the metabolism of oceans, as well as coastal 
waters, these marine phytoplankton organisms have been subject to only 
very few investigations, apart from the purely morphological studies which 
form the basis of their taxonomic presentation in handbooks. Even the taxo- 
nomy of marine dinoflagellates and coccolithophorides is still far from being 
settled (Paulsen, 1949, Braarud, 1950). 

The ecological characterization of the species is based upon observations 
of their distribution, as far as these go. Consequently, we know very little 
about the factors which are decisive of geographical distribution and seasonal 
variation in each species. Experimental studies seem most desirable in order 
to obtain some more definite information on the various ecological types 
which may exist. 

Marine dinoflagellates have been cultured only in a few cases. Allen 
(according to Lebour, 1925) was the first one who succeeded in keeping an 
autotrophic species in culture for a longer period of time (Peridinium tri- 
quetrum). Later Barker (1935) cultured several species and Gross a few 
others, among which may be mentioned the large heterotrophic form Nocti- 
luca miliaris (Gross, 1934, 1937). More recently a number of autotrophic forms 
have been cultured in our laboratory (Braarud, 1945, Rytter Hasle and 
Nordli, 1950). 

In the following, we are giving a preliminary report on some experiments 
which are being carried out in order to study the effect of the salinity factor 
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upon rate of reproduction, mainly in marine dinoflagellates. The experimental 
work has been carried out with the assistance of cand. real. Irene Pappas and 
cand. real. Erling Nordli. 

Persistent cultures (Allen and Nelson, 1910) have been used, representing 
clones. They have mainly been grown in Schreiber solution with soil extract 
(Braarud, 1945) and been kept partly in daylight and partly in artificial light. 
In order to have the necessary variation in salinity, sea-water has been con- 
densed by evaporation at about 60° C and the lower salinities have been 
obtained by dilution with glass-distilled water. Intervals of 5 per mille and 
3—5 parallels for each salinity step have been used. Where inoculation with 
more than one cell has been used, average values for the rate of reproduction 
have been plotted. In order to avoid shock when transferring the organisms 
to solutions of various salinities gradual transfers through adjustment cul- 
tures were used, with several days between each transfer. 


Experiments with representatives of different taxonomic groups 


In fig. 1. the results of experiments on the following species are shown: 
a coccolithophoride, Syracosphaera Carterae, a cryptomonade, Cry ptomonas 
sp., an unarmoured dinoflagellate, Amphidinium sp., and the armoured dino- 
flagellate Exuviaella baltica. 

The four curves represent different types: 1) The Syracosphaera-curve is 
characterized by having a high rate of reproduction when salinity is high 
(25—45 per mille) with an optimum indicated at 30 per mille. This optimum 
may not, however, be very well defined and further experiments are necessary 
to see how consistent it may be. 2) The Cryptomonas-curve has a well defined 
optimum at low salinities (15—20 per mille) and a steep fall of the curve 
even at salinities below 35 per mille. 3) The Amphidinium-curve shows growth 
within a broader range of salinities than the preceding one, but has an 
optimum at similar low salinities (15—20 per mille). 4) In Exuviaella baltica 
the growth within the whole range from 10 to 40 per mille is rather good, 
an optimum being indicated at the low salinity of 10 per mille. (Cf. page 31). 

As may be seen from fig. 2 Peridinium trochoideum has a salinity-curve 
similar to the Amphidinium-curve. 

If we take these curves as characteristic of each species — a question which 
we are going to discuss below — we may take the Syracosphaera-type as 
representing an euryhaline species with oceanic tendencies. Correspondingly 
the Exuviaella-type would represent an euryhaline species with neritic ten- 
dencies. Whether this characterization is supported by their distribution in 
nature we are unable to control as far as Syracosphaera Carterae goes, since 
the distribution of this species is practically unknown. The only two localities 
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Fig. 2. Three salinity-curves for the same clone of Peridinium trochoideum at different 
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from which it has been recorded are both inshore waters, a brackish pond in 
England (Carter, 1938) and an artificial oyster pond in Norway (Braarud 
and Fagerland, 1946), the last being supplied with sea-water of a salinity 
of about 30 per mille. Exuviaella baltica, however, has a distribution which 
would seem to fit well in with the characters indicated by the curve in fe: 
This species has a wide distribution, from the brackish waters of the Baltic 
to the open ocean with salinities of 35 per mille. Even in offshore waters 
it may form a fairly important part of the nannoplankton, according to 
recent observations from weather ship »M» in the Norwegian sea (Haller 
Nielsen, 1950). 

The Cryptomonas and the Amphidinium-curves have their salinity optima 
at low values round 20 per mille, which correspond to the salinity recorded 
in the surface waters of the Oslo fjord during summer, when it reaches its 
minimum (Braarud and Ruud, 1937). 


Parallel experiments on one clone and on two clones 
of the same species 


The experiments reported above, which were carried out to obtain the 
first orientation as to the variation which might be expected from one species 
to another, raise questions of method, which we may briefly discuss. 

First: Would repeated experiments with the same clone consistently give 
the same type of curves? —- To elucidate this point we may refer to fig. 2, 
where curves from three experiments on the same clone of Peridinium tro- 
choideum are given. The experiments were carried out with different batches 
of sea-water, at different light conditions and different temperatures. The 
curves may seem rather different as to details, but they are of the same type, 
similar to the Amphidinium-curve, and their optimum is found at the same 
salinities, around 15—20 per mille. This result would suggest that even a 
single experiment on one clone may be representative for the clone. Whether 
this also is true in other species, further studies may show. 

Another question which may be asked in connection with the experiments 
is whether the results obtained for one clcne are characteristic of the species 
in question. 

In fig. 3 the results of salinity experiments on two different clones of 
Prorocentrum micans, both from the Oslo fjord, but from different years, 
are shown. Before commenting on the curves, we would like to make some 
considerations. 

Recently Paulsen (1949), on the basis of his morphological studies, dis- 
cussed the problem of taxonomic units within dinoflagellates. He assumed 
that the marine dinoflagellates only reproduce asexually and he suggested 
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Fig. 3. Salinity-curves for two clones of Prorocentrum micans, isolated in different years, 
but both from the Oslo fjord. 


that this might be the cause of the variability within many species. Similar 
conditions might prevail as in Hieracium, and mutations would be preserved 
within each clone arising from a mutant. When reviewing Paulsen’s interest- 
ing paper, I pointed to a couple of experimental observations which may tend 
to support this view (Braarud, 1950). In two clones of Goniaulax tamarensis, 
small morphological differences were recorded (Braarud, 1945) which would 
seem to be of genotypic nature. A clone of Peridinium trochoideum, cultured 
for more than 5 years, and at varying salinities, temperature and nutrient 
conditions, showed no trace of the færoënse-type of the species. If the well- 
known morphological variation in this species were due to phenotypic varia- 
lion only, one might have expected to observe færoënse-forms in some of the 
cultures. One may, therefore, state that, as far as our very scanty evidence 
goes, it seems probable that in the marine dinoflagellates the species may 
often be collective species, consisting of morphologically different genotypes. 
The differences are being maintained, since asexual reproduction at least 
seems to be predominant.’ Every one who has studied populations of Dino- 
physis, Glenodinium, such Peridinium species as P. conicum, globulus, cras- 
sipes, divergens and species related to these, may find this theory supported 
by their experiences in the taxonomy of these dinoflagellates. If this view 
were correct, it would seem also to reflect upon considerations on the physio- 
logy of the species, If clones of the same »species» exhibit morphological 
differences, there might be reason to suspect that they also differ in their 
physiological characters. 

Since the reaction of a clone upon variations in salinity leads to a difference 
in rate of reproduction, clone differences in this character would bring in the 


* Gross (1934) was able io demonstrate fusion of gametes in cultures of the large hetero- 
trophic Noctiluca miliaris. 
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problem of selection. Two clones with genotypically different salinity optima 
may not in the long run have the same chance of survival within a certain 
area. One might, therefore, expect to find geographical differences between 
clones of a species when physiological characters are considered, due to the 
combination of genotypical variation and selection. Such differences would 
appear as adaptations to the conditions of the habitat. Experiments on clones 
from the same geographical area, would therefore, even if the view presented 
on the preceding page is correct, not be expected to show differences in 
physiological characters. On the other hand, in some species clones originating 
in areas with definite differences in the salinity conditions, might be expected 
to have different salinity curves. 

In order to iry if the view presented above is correct, the next step would 
be to carry out parallel experiments on clones of the same species from 
localities with pronounced differences in salinity. Such experiments are being 
planned and the first one is in progress, but they may have to be carried 
out over a considerable period of time, since clones from such different 
localities are not so easily obtained. Also it is desirable to have experiments 
on various dinoflagellates, some of the morphologically variable type, some 
of the more constant type. 

The two curves, shown in fig. 3, for the two clenes of Prorocentrum micans 
have a similar shape, an optimum being indicated at low salinities, 15—20 
per mille, and with good growth within a fairly large range of salinities. The 
two clones have the same type of salinity curve. 

Prorocentrum micans which was used for the experiment in fig. 3, is one 
of the »good species» of dinoflagellates, showing little morphological varia- 
tion in nature. It may, therefore, behave differently from a more variable 
species and, although the results agree with what we would expect according 
to our considerations above, our experimental observations on the problem 
of possible physiological variation are yet inconclusive. 

The experiments which are necessary to obtain further evidence, may, how- 
ewer, take a long time. We are, therefore, giving this preliminary report, not 
awaiting the results of experiments which would seem necessary before more 
general conclusions may be drawn. 


Summary 


1. Experiments are reported on the variation in rate of reproduction with 
varying salinities on marine representatives of the following taxonomic 
groups: Coccolithineae (Syracosphaera Carterae), Cryptomonadineae (Crypto- 
monas sp.), Dinoflagellatae (Amphidinium sp. and Exuviaella baltica). The 
experiments refer to one clone only for each species. (Fig. 1) 
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2. In order to see whether single experiments may yield results which 
are characteristic of the clone, three experiments on the same clone of Peri- 
dinium trochoideum were made. (Fig. 2). All show a salinity optimum at the 
same rather low salinities (15—20 per mille). 

3. The question is discussed whether results obtained on one clone are 
representative of the species. The view, supported by various morphological 
evidence, that the »species» in marine dinoflagellates may consist of nume- 
rous taxonomic units, is extended to physiological characters as well. It is 
pointed out that in this case selection may result in a geographical variation 
which does not parallel the distribution of morphologically different clones. 

4. Two experiments with different clones of Prorocentrum micans are 
reported, both originating from the same area, showing no conspicuous dif- 
ference in their reaction upon varying salinities. 
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The effect of daylength on the dormancy of trees has been the subject of 
investigation by several authors. Wareing (1) gave a good survey of the litera- 
ture on this subject. Of the many species which have so far been examined, 
the genus Populus has never been thoroughly investigated, although several 
species of this genus showed very obvious reactions to the daylength. 

In our laboratories a number of small light cabinets have been constructed 
where plants can be grown normally under purely artificial light, and in 
which the reactions to illumination (daylength, intensity, spectral light) can 
be properly studied (2). 

The light is obtained from fluorescent tubes (type »white») which illumi- 
nated the plants from both sides and from above. Development of the dif- 
ferent species of Populus used was quite normal in a light intensity of +10° 
mW/m?. 

Fig. 1 gives a sketch of such a light cabinet, having a floor space of 1 m— 
1.5 m and a height of 1.5 m. For a complete description we refer to our 
paper (2). In figs. 2 and 3 some pictures of a light cabinet are given. 

In the beginning of March we obtained through the kindness of Dr H. van 
Vloten, director of the Forestry Expt. St. in Wageningen some one-year-old 
cuttings of the species: Populus alba, P. robusta, P. marylandica, P. tremula, 
P. trichocarpa, and P. serotina and seedlings of P. nigra and P. lasiocarpa. 

These plants were put into five different light cabinets and exposed to 


different temperatures and daylengths. 
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Fig. 1. Skretch of the greenhouse, front and side views (2). a inlet of pipe water for 

cooling, b water outlet, c TL lamps (30 in number), d Mercury lamps (three), e starters for 

the lamps (in groups of three), f discharge channel for the cooling water, g openings for 

carrying off condensation water and inlets for air, for CO: and for the electric current for 
heating. 


Cabinets I and II were kept at a daylight temperature of 30° C and a night 
temperature of 20° C. Cabinet I had 16 hours light per day, cabinet II only 
9 hours. Cabinets III and IV had a day temperature of 18° C and a night 
temperature of 14° C. The daylength in III was 16 hours and in IV 12 hours. 
Cabinet V had continuous light and a temiperature of 22° C. 

In all cabinets the plants at first showed vigorous growth; under tropical 
temperature quicker than under moderate temperature. After 4 to 6 weeks, 
however, all the cuttings in cabinets II and IV stopped growing and a resting 
bud was formed at the top of all shoots (fig. 4). The plants in II, with the 
shortest days and highest temperature, went into rest a little earlier than 
those in IV, but on the whole there was only a slight difference. The two 
seedlings (P. nigra and P. lasiocarpa) in IV were latest, but they too stopped 
growing 8 weeks after growth had started. 

All plants given long days kept growing well; especially those in conti- 
nuous light. 

After three months all plants, except those of the species P. robusta, were 
exposed to 5° C and a daylength of 9 hours. All growth was inhibited at this 
low temperature and after a few weeks the plants taken out of the cabinets 
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Fig. 2. Front of the greenhouse. On the left the switchboard with plug sockets to which 
the TL lamps can be connected in groups of three, and with a time switch for regulating 
the daily exposure to light. On the left at the bottom: supply lines for air and carbon dioxide. 


II and IV (short days) began shedding their leaves, while the others kept 
their leaves firmly; even after three months of this artificial winter they 
had still kept most of their leaves. 

The plants of P. robusta remained during this time in their old cabinets; 
they had their usual daylengths and temperatures. In long days the plants 
did not stop growing; under continuous illumination growth was even better 
than under long days. 

After 8 months of growth the plants were still developing new leaves at the 
same rate and had kept all their leaves since March. By that time they had 
grown too big for the light cabinets and had to be removed. 


Fig. 3. A greenhouse with Coleus and Petunias. 
A TUV lamp (d) is to be seen between the TL 
lamps. The ultraviolet rays from this mercury 
lamp kill the algae which otherwise form a depo- 
sit on the glass panes along which the cooling 
water flows. 


Fig. 4. Two plants of Populus robusta; left one grown in short days (12 hours) during two 

months; right one grown in long days (16 hours) during two months. In short days only 

few leaves are developed; soon a resting bud is formed at the end of the twigs. In long 
days no inhibition of growth occurs. 
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Fig. 5. The same plants as in fig. 4 three months later. The plants have not been exposed 
to cold; still the plant in short days has gone completely into dormancy. 


In short days, however, the plants which had stopped growth since April 
lost all their leaves by the end of July, although they had never been exposed 
to lower temperatures (fig. 5). 

This dormancy was complete and was not broken by high temperature as 
long as the short day lasted. When, however, the plants were exposed to 
continuous illumination within a few months the buds swelled and developed 
into weak shoots, with short internodes. 

We tried to break this dormancy by using ethylene chlorhydrine in short 
day. The buds which were revived in this way made three or four new 
leaves and went into dormancy again. These leaves were shed about 2 months 


after their development (fig. 6). 
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Fig. 6. Shoot of Populus robusta in short 
days, where two buds have been awakened by 
ethylene-chlorhydrene. After development of 
two or three leaves these twigs again go into 
dormancy. 


The plants which had been exposed to an artificial winter (temp. 5° C, 
day 9 hours) were put back into their old light cabinets 3 months after the 
beginning of this treatment. 

Those in long days and in continuous light immediately resumed the 
development of new leaves from the vegetation points. So no dormancy had 
been induced by the 3 months of short days at 5° C. 

The plants from short days had some difficulty in awakening even when 
they were exposed to long days. Only after some weeks did the buds begin 
to develop. Continuous light was most efficient in awakening the buds. 

When a plant which had just made an end bud in short day and had thus 
entered into dormancy since a few days only, was exposed to continuous 
light, growth was resumed almost immediately. It is therefore probable that 
the’state of dormancy is increased during the period when growth has stopped 
but the leaves are still on the plant and are exposed to short days. 
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In the second paper of this series (Wareing 1950 b) were described photo- 
periodic effects associated with the extension- and+leaf-growth in seedlings 
of Pinus silvestris, after the first year. The present paper deals with the 
effect of day-length on the duration of cambial activity, and on the breaking 
of dormancy, after the first year. 

In first-year seedlings of P. silvestris, as in many other woody species, 
the duration of extension-growth is affected by day-length conditions, viz. 
the onset of dormancy, as indicated by the cessation of extension growth 
and the formation of terminal resting buds, is hastened under short days as 
compared with long days. After the first year, however, extension-growth is 
limited to expansion of initials already laid down in the terminal resting- 
bud, and cannot therefore be directly affected by the day-length conditions. 
Nevertheless, although extension-growth after the first year is completed in 
June, cambial activity continues until late October, when the natural day- 
length is rapidly falling. Now, since in first-year seedlings of P. silvestris, 
and other woody species, dormancy is hastened by short-day conditions and 
since dormancy includes also the cessation of cambial activity, it seemed 
possible that the cessation of cambial activity in October is controlled by the 
falling natural day-lengths at that time. The first part of the experimental 
work described below was designedt o test this hypothesis. A preliminary 
report of this work has already been published (Wareing 1949). 

The second part of this paper deals with the effect of day-length on the 
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breaking of dormancy. It is well-known that many woody species, on 
becoming dormant in the autumn, require a period of exposure to low 
temperature (5—8°C) during the winter before normal breaking of 
dormancy can occur in the following spring, and that if they are protected 
from exposure to chilling by being kept in a greenhouse throughout the 
winter, normal breaking of the buds is delayed or is irregular. Nevertheless, 
in certain species of Pinus, in the absence of a period of low-temperature 
exposure, breaking of dormancy can alternatively be induced by exposure 
to abnormally long photoperiods. Thus, Gustafson (1938) found that plants 
of P. resinosa which were protected from exposure to low temperatures 
during the winter failed to break dormancy unless exposed to a day-length 
of 16 hours. Similarly, Phillips (1941) found that premature breaking of 
dormancy could be induced in P. taeda in December, by extending the daily 
photoperiod to 18 hours by low intensity illumination. 

The second part of the experimental work described here was carried out 
to ascertain whether this effect occurs also in P. silvestris, and to obtain 
more information on the phenomenon. 


Experimental 
I. Effect of day-length on the duration of cambial activity 


The method used to determine the duration of cambial activity in the 
following experiments was that described by Wight (1933), who pointed 
out that, in transverse sections of the stem, a dormant cambium can be 
distinguished from an active one by the fact that in the former the cam- 
bium cells abut directly upon fully lignified tracheids of the wood, whereas 
in the latter there is a transitional zone occupied by partially lignified ele- 


a b 


Fig. 1. Transverse sections of stems of two-year plants of Pinus silvestris, showing 
(a) active cambium, (b) dormant cambium. 
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ments (Fig. 1). During the summer, when the cambium is fully active, the 
transitional zone at the base of the current year’s shoot is some 3—4 cells 
in width, but as the cambium approaches dormancy the number of partially 
lignified cells is gradually reduced to zero. 

The transverse sections used in these observations were cut by hand, 
stained in safranin and light green, and mounted in Canada balsam. In 
such preparations the incompletely-differentiated tracheids in the transitional 
zone stain green, and can be clearly distinguished from the fully-lignified 
elements stained with safranin. 


Experiment 1 


Methods. Three different series of second- and third-year plants were used. All 
the plants had been grown under natural day-length conditions until 31st August, 
1948. Commencement of the experiment was delayed until this latter date, in order 
that leaf- growth should first be completed. This precaution was taken since it was 
already known that day-length may affect the duration of leaf-growth (Wareing, 
1950 b), and it was desired to eliminate any secondary effects upon the cambium 
which might have resulted if different day-length conditions had been imposed prior 
to the cessation of leaf-growth. 

On 31st August each series was divided into two equal groups and exposed to 
day-length conditions as follows: 


Series A. Group (1) Natural day-lengths. 
Group (2) Natural day-lengths, supplemented by artificial illumination 
to give total photoperiod of 15 hours. 
Series B & C. Group (1) 10-hour photoperiod. 
Group (2) Natural day-lengths, supplemented by artificial illumination 
to give a total photoperiod of 15 hours. 


All the plants of series A were allowed to remain in the open. The plants of 
series B and C exposed to a 10-hour photoperiod were enclosed in a light-proof 
cover, constructed of patent roofing-felt, from 4 p.m. to 6 a.m. As these light-proof 
covers afforded a measure of protection against low night-temperatures during 
September and October, a similar degree of protection was given to the plants 
exposed to the 15-hour photoperiod by enclosing them in a cover constructed of 
a transparent material (known as »Windolite») for the same daily period as the 
’short-day’ plants were enclosed in the light-proof covers. Owing to screening by 
buildings, the ‘long day’ plants received no direct sunlight during the period they 
were enclosed in the cover, and temperature conditions remained effectively the 
same in both ‘long day’ and ’short day’ covers. 

The additional period of artificial illumination to extend the natural photoperiod 
was obtained by suspending a 100-watt filament lamp outside the cover over the 
‘long day’ plants, and was found to give an intensity of approximately 200 lux at 
the upper leaves of the plants. The heating effect from the lamp in the ‘long day’ 
cover (the dimensions of which were approximately 20010060 cms.) was very 
slight and it was found that the temperature difference between the two covers 
did not exceed 1° C during the period of additional illumination. 
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Table 1. Cambial activity at end of October (Experiment 1). 


oo 


‘Number of Plants 
Series Photoperiod Cambium | Cambium | Score’ 
active. dormant. 
i (i) Natural day-lengths | 4 8 3 
(i) PLS bourse. ner 10 2 31.0 
B ()HLOBhours nee 4 8 2.5 
(it) Pe hours): 7.7 11 1 18.5 
Cc (GELOShours= reese core: 0 12 0 
(ii) SL biehouts meep reeset at 6 6 18.5 


Samples were taken from all series of plants at approximately 2-weekly intervals 
for sectioning and observation of the cambium. These sections were taken from the 
base of the current year’s shoot. 


Results. Little difference could be detected between the ‘long day’ and 
’short day’ plants of each series for several weeks after the commencement 
of the experiment, the cambium remaining still active in all plants, as shown 
by the presence of a zone of partially-lignified tracheids. 

By early October, however, noticeable differences began to arise between 
the ‘long day’ and ’short day’ plants of each series, and it was evident that 
in the ’short day’ plants cambial activity was reduced, since the transitional 
zone of partially lignified elements was only one or two cells in width or 
entirely absent, while in the ‘long day’ plants it remained 3—4 cells in 
width. Observations on sample plants during the third week in October 
showed that cambial activity had ceased in most of the ’short day’ plants, 
whereas in most of the ‘long day’ plants the cambium still remained active. 
During the third and fourth weeks of October, samples of 12 plants from 
each of the six groups were sectioned for examination of the cambium. 

In order to obtain a quantitative measure for comparison between the 
‘short day’ and ‘long day’ groups of each series, the following method of 
'scoring’ was adopted. One ’unit was awarded for each complete ring of 
undifferentiated tracheids between the cambium and fully lignified ele- 
ments, and one half of a ’unit’ was awarded where such a ring was incomplete. 
The total ’score’ was then calculated for each group of 12 plants, the data 
being summarised in Table 1. 

It is seen that cambial activity is prolonged under 15-hour photoperiods, 
as compared with that under 10-hour or natural photoperiods during Sep- 
tember—October. That this is a true photoperiodic effect, and is not result 
of increased assimilation under ’long day’ conditions is clearly shown by 
the fact that the treatment of the ‘long day’ plants of series A differed 
from that of the ‘normal day’ plants solely in the fact that the former received 
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an additional period of illumination of only 200 lux intensity, for a daily 
period which ranged from about one hour at the beginning of the experi- 
ment to about 4 */, hours in the later stages. In the case of the ‘long day’ 
plants of series B and C, the additional illumination (5 hours) included 
approximately 4 hours of daylight at the commencement and 0.5 hours at 
the termination of the experiment. 

It was observed that those plants of the-various ‘long day’ series which 
showed a dormant cambium were mainly smaller specimens, suggesting 
that nutritional factors may also influence the duration of cambial activity. 

An important feature of these results is the long period of time (6—7 weeks) 
which elapsed between the commencement of short-day treatment and the 
incidence of dormancy. 


Experiment 2 


In order to obtain confirmation of the results obtained in Experiment 1, 
a further experiment was carried out in 1949. 


Methods. The material used consisted of second-year plants growing in 7-inch 
pots, each pot containing 4—5 plants. All plants had been grown under natural 
day-length conditions prior to the commencement of the experiment. On 6th Sep- 
tember, when leaf-growth had ceased, the plants were divided into three groups, 
each containing 12 pots, and subjected to day-length conditions as follows: 

Series A — 15-hour day. 

Series B — 10-hour day. 

Series C — Natural day-length. 

The plants of series B were covered with a light-proof cover from 5 p.m. to 
7 a.m., and the plants of series A were enclosed in a transparent cover for the 
same period, as in the previous experiment. Supplementary artificial illumination 
for series A was provided from two 150-watt lamps suspended outside the cover. 


The plants of series C were allowed to remain in the open. 
Samples from each series were taken at regular intervals for observation of the 


cambium. 
Results. As in the previous experiment, no difference could be detected 
between the various experimenial series of plants for several weeks after the 


Table 2. Cambial activity at end of October (Experiment 2). 


Nnmber of plants 
Series Photoperiod Note Dormantıı 
cambium. | cambium. 
A TS MN OUES 2-2 17 | 3 
PS LOmNOUNS a mecac esters acessincciic 2 18 
C | Natural day-lengths 2 | 8 
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commencement of the experiment. By the 2nd week of October, however, 
all series, except those under a 15-hour photoperiod, showed signs of reduced 
cambial activity and by the 4th week samples from the plants showed 
that the cambium was dormant. On 25th and 26th October, therefore, sec- 
tions were cut from 20 plants of each series (10 plants in the case of the 
’natural day-length’ series). It is seen from the data of Table 2 that the 
results of Experiment 1 are fully confirmed, and indeed the results obtained 
previously are even more clearly marked in the present experiment. (As the 
differences between series A and the others were clearly significant, the 
method of ’scoring’ was not adopted.) 

The effect of day-length on cambial activity in P. silvestris may thus be 
regarded as fully established. Moreover, the fact that cambial activity may 
be prolonged beyond the normal date of cessation by artificially prolonging 
the natural photoperiod indicates that natural changes in day-length in the 
autumn may control the duration of cambial activity in P. silvestris. 

The comparatively long interval between the commencement of ’short 
day’ treatment and the final cessation of cambial activity observed in Experi- 
ment 1, was again observed in the present experiment. 

Although the majority of plants under a 15-hour day still showed an 
active cambium on 25th October, the width of the ’transitional zone’ in 
many plants was noticeably less than was observed earlier in October, sug- 
gesting that even the ‘long day’ plants were beginning to show reduced 
cambial activity. 

In order to test how long cambial activity could be prolonged in these 
’long day’ plants under favourable temperature conditions, on 26th October 
the remaining plants were transferred to a greenhouse maintained at 
12—15° C, the photoperiod being continued at 15 hours. A sample of 10 
plants from this series was examined early in November, and it was found 
that the cambium was still active in the majority of these plants. A further 
sample taken on 25th November, however, showed that all the plants were 
then dormant. 

Thus it was not possible to maintain cambial activity indefinitely under 
the conditions of the experiment, but this may have been due to the fact 
that conditions for photosynthesis during November were very unfavourable. 


Experiment 3 


The observation that short days in the autumn bring about hastened 
dormancy of the cambium raises the question as to the effect of short days 
in the spring, when there is normally a renewal of cambial activity. Exa- 
mination of the cambium in ’short day’ and ’long day’ plants in an experi- 
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ment in which two different day-length treatments were applied during the 
period of extension of the shoot (Experiment 2 described in the second paper 
of this series) showed that a new annual ring had been formed in both 
series of plants. The cambium of the ’short day’ plants still showed some 
activity at the end of July, when leaf-growth had ceased. Thus the applica- 
tion of ’short days’ in the spring did not prevent the normal renewal of 
cambial activity at that time. 

It is well known, however, that renewal of cambial activity in the spring 
appears in many cases to be dependent upon extension of the young shoots, 
at least in diffuse-porous dicotyledonous trees, though not in certain ring- 
porous species (Wareing 1950c). Since shoot-extension occurred in both 
‘short-day’ and ‘long day’ plants in the experiment in question, the fol- 
lowing further experiment was carried out to test the effect of day-length on 
the renewal of cambial activity in plants which had been debudded, so that 
shoot-extension was suppressed. 


Methods. Two-year old plants growing in pots were divided into approximately 
two equal series of 20 plants each, and were de-budded on 6th March, on which 
date sections of sample plants showed that the cambium was still dormant. One 
series of plants was allowed to remain under natural day-length conditions, while 
the other was exposed to an 8-hour day. Both groups were kept in the open. 


Results. On 1st May, sections of sample plants from both series were cut, 
and these showed that no new secondary wood had then been formed, 
although intact plants (in which new shoot-extension had occurred) were 
found to have formed quite a wide band of new wood by that date. Thus 
under the conditions of the experiment, no cambial activity was obtained in 
debudded plants, whether under natural or short-day conditions. 


Il. Effect of day-length and temperature on the breaking of dormancy 


Experiment 4 


Since the requirement for a period of low-temperature exposure does not 
appear to have been demonstrated previously for P. silvestris, the following 
simple experiment was carried out: 

At the end of October, approximately 20 two-year old plants growing in 
pots were brought into the greenhouse (which was thermostatically main- 
tained at approximately 13° C), while similar plants were aliowed to remain 
in the open. Both series of plants remained dormant throughout the winter. 
During the third week of February, the plants left in the open were brought 
into the greenhouse and all these plants broke dormancy regularly early in 
March. At this time all the plants which had remained in the greenhouse 
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throughout the winter were quite dormant. During early April, however, the 
majority of these latter plants began to show signs of. breaking dormancy 
also. At this time there was a period of fine, sunny weather and the tem- 
perature of the greenhouse rose to 20—25° C on some days. It seems probable 
that the rise in temperature or increased light-intensity stimulated the break- 
ing of dormancy in these plants. 

It is clear from this experiment that although breaking of dormancy 
ultimately occurs even in plants which have been kept in the greenhouse 
throughout the winter, nevertheless a period of exposure to low temperatures 
hastens and facilitates the breaking of dormancy when ithe plants are later 
transferred to warm conditions. 


Experiment 5 


Reference has already been made to the observation that breaking of 
dormancy can be induced in P. resinosa and P. taeda by exposure to abnor- 
mally long days, without the requirement for a period of low-temperature 
treatment. The following experiments were carried out to test the effect of 
continuous illumination on the breaking of dormancy in P. silvestris: 

(a) In July, 12 pots of two-year old plants were divided into two equal 
series, one of which was kept under ‘normal’ photoperiods, while the other 
series received additional illumination at approximately 150—200 lux from 
sunset to sunrise. Within three weeks the plants receiving continuous illu- 
mination showed signs of expansion of the buds and this was followed by 
a period of extension of the shoot. The plants were maintained under con- 
tinuous illumination until early October, when the terminal buds on the 
newly formed shoots of some plants had again broken dormancy, and 
showed the initial stages of a third ‘annual shoot’. The plants under natural 
photoperiods remained dormant throughout the experiment. 

(b) Six pots containing a total of 25 two-year old plants were transferred 
from a large batch growing under ’normal days’, to continuous illumination 
at 150—200 lux on September 4th. Within approximately 3 weeks all plants 
under continuous illumination broke dormancy and formed a new annual 
shoot, while comparable plants under natural day-lengths remained dormant. 

From the results of these experiments it is evident that dormancy can 
be broken prematurely in P. silvestris, without prior exposure to low tem- 
perature, simply by exposure to low-intensity continuous illumination. Since 
the observations of the writer (unpublished) have shown that growth of 
the buds of P. silvestris continues from June until September, the two 
preceding experiments were carried out at a time when the buds were not 
fully dormant. The following further experiment was therefore carried out 
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to determine the effect of exposure to continuous illumination in November, 
when all bud-growth has apparently ceased. 

(c) Two-year old potted plants were brought into the greenhouse on 31st 
October, and were divided into two series. The first series (A) was exposed 
to continuous illumination by supplementing the natural photoperiods with 
artificial illumination from sunset to sunrise. The second series (B) was 
exposed only to natural photoperiods. 

After 3—4 weeks, some plants of series A showed a limited expansion 
of the buds but further growth of these buds was very slight, although the 
experimental treatment was continued for a further 4 weeks. At the end 
of this period only 14 out of a total of 27 plants showed any signs of 
breaking of dormancy, and in most of these 14 plants the expansion of the 
buds amounted to only a few millimeters. The plants of series B remained 
completely dormant throughout. 

Thus after the normal period of growth of the buds has been completed, 
exposure to continuous illumination has only a slight effect on the breaking 
of dormancy in P. silvestris. 


Experiment 7 


The foregoing experiments show that premature breaking of dormancy 
can be induced in P. silvestris during the summer by exposure to continuous 
illumination. The following further experiment was carried out to determine, 
approximately, the minimum daily photoperiod required to bring this effect. 

Third-year plants growing in pots were divided into three equal series, 
and exposed to daily photoperiods of 18, 20 and 24 hours respectively, from 
the 11th July. Within 4 weeks, the majority of plants under the 20 and 
24 hour photoperiods had broken dormancy and showed 2-—3 cms. of new 
growth. In the plants exposed to an 18-hour day, the only change which 
had occurred was a slight extension of the buds in the basal region in about 
one-third of the plants. The experimental treatments were continued until 
11th October (ie. 3 months after the commencement of treatment) but no 
further change had occurred in the 18-hour day series. Thus it appears that 
the minimum daily photoperiod required for the premature breaking of 
dormancy in P. silvestris is between 18 and 20 hours. 


Discussion 


From the results of Experiments 1 and 2 it is clear that the length of 
the photoperiod affects the duration of cambial activity in P. silvestris. This 
appears to be the first instance, so far reported, of direct photoperiodic 
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control of the duration of cambial activity in a woody species. Moshkov 
(1935) has described a difference in the amount of secondary wood formed 
in Robinia pseudacacia under ’long’ and ’short days respectively. In this 
instance, however, there were definite differences in the amount and dura- 
tion of extension growth under different day-length conditions, so that, in 
view of the well-known influence of extension growth on cambial activity 
(Priestley, 1930) it is impossible to determine whether there was in this 
instance any direct effect of day-length on cambial activity. Similarly, effects 
of day-length upon cambial activity in herbaceous species have been studied 
primarily in connection with the change from vegetative to reproductive 
growth (e.g. Struckmeyer, 1941, Melikjan, 1946), so that here also, it is im- 
possible to determine any direct effect of day-length upon cambial activity. 

Although in P. silvestris, the initiation of cambial activity in the spring 
appears to be dependent upon extension growth (since de-budded plants 
in Experiment 3 failed to show renewal of cambial activity), on the other 
hand, cambial activity is maintained until October, whereas extension 
growth and leaf-growth cease in June and late August, respectively. Thus, 
at the end of the growing season the direct effect of day-length conditions 
-upon the duration of cambial activity may be studied quite apart from any 
photoperiodic effects upon extension-growth and leaf-growth. 

Priestley (1936) suggested that, in those woody species in which cambial 
activity is maintained long after extension growth has ceased, there may 
be an obligate dependence of cambial activity upon growth of the buds, 
The observations of the writer (unpublished) indicate that although bud- 
growth in P. silvestris is indeed maintained for a considerable period after 
extension growth has ceased, nevertheless all bud-growth appears to have 
ceased by early September (in Southern England), whereas cambial activity 
continues for a further 4—6 weeks. Moreover, there were no detectable 
differences in the duration of bud-growth between ‘long-day’ and ’short- 
day’ plants in Experiment 2. It seems unlikely, therefore, that the differences 
in the duration of cambial activity under long- and short-days respectively 
were an indirect effect of day-length upon bud-growth. Thus, there is no 
evidence that the hastened dormancy of the cambium under short days is a 
secondary effect arising from photoperiodic control of some other correlated 
growth-process, and we must conclude that in P. silvestris photoperiodic 
control of the duration of cambial activity is an independent phenomenon. 
Presumably photoperiodic perception is here effected through the leaves. 

It was shown above that cambial activity could not be maintained indefi- 
nitely even under a 15-hour photoperiod, but dormancy was merely delayed 
by a few weeks as compared with that under a 10-hour photoperiod. Thus 
it appears that the effect of short photoperiods is merely to hasten the 
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normal incidence of dormancy of the cambium, which will ultimately occur 
even under a constant 15-hour photoperiod. Nevertheless, since cambial 
activity is prolonged by extending the natural photoperiod to 15 hours in 
the autumn, it is clear that the cessation of cambial activity is ordinarily 
controlled by the falling natural day-length at that time of the year. 

From the results of Experiment 4 it is clear that although plants of 
P. silvestris which have been protected from exposure to low temperatures 
during the winter ultimately break dormancy in the spring, nevertheless 
the breaking of dormancy is greatly hastened and facilitated if the plants 
are first subjected to a period of low-temperature exposure, before being 
transferred to warm conditions. During the summer, premature breaking of 
dormancy may be induced by exposure to abnormally long photoperiods, 
without prior exposure to low temperatures. In order to obtain this effect 
the photoperiod must exceed a certain critical value, which appears to lie 
between 18 and 20 hours. This effect is very limited in November, when 
bud growth has ceased. 

There is no evidence that the breaking of dormancy in the spring under 
natural conditions is photoperiodically controlled, for dormancy is readily 
broken at any time from early January onwards simply by transferring the 
plants to warm conditions, regardless of the length of the natural photo- 
period. 


The Mechanism of Photoperiodism in Pinus silvestris 


It has been shown in the preceding papers of this series (Wareing 
1950 a, b) that a variety of photoperiodic effects may be observed in P. sil- 
vestris. It is found that, in first-year seedlings, the duration of extension- 
growth is reduced under ’short days’ as against ‘long days’ and that there 
is a reduction in the length of the internodes under ’short days’. After the 
first year, the duration of growth of the annual-shoot is determined by 
the number of initials laid down in the resting-bud, and hence is not affected 
by the day-length conditions, but nevertheless there is still some reduction 
in internode-length under short-day conditions, and the duration of leaf- 
growth is reduced under short photoperiods. Thus, we see that the length 
of the photoperiod affects the duration of various forms of meristematic 
activity (e.g. extension-growth, leaf-growth and cambial activity), and .that 
short days hasten the onset of dormancy of the meristematic regions. On 
the other hand, long days prolong the duration of activity of these various 
meristematic regions and dormancy of resting buds may be broken when the 
day-length exceeds a certain critical value. 

Now two of these growth-processes found to be affected by day-length 
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conditions viz. internode-extension and cambial activity, are well-known to 
be affected by auxin supply (e.g. Thimann and Skoog, 1934; Snow, 1935), 
short days having the same effect as low auxin levels. Moreover, in certain 
deciduous woody species, abscission of the leaves is also reported to occur 
under short photoperiods (Garner and Allard, 1923), and this process is 
also known to be affected by auxin supply (La Rue, 1936). On these grounds 
the suggestion was put forward by the writer (Wareing, 1949), that these 
photoperiodic effects in woody species result from the action of light on 
the production or availability of auxin within the plant, and that quite low 
light-intensities are effective. 

Attention has been drawn by various authors to evidence that light 
appears to be necessary for the production of auxin under certain condi- 
tions (e.g. Van Overbeck, 1933; Thimann and Skoog, 1934; Avery et al. 1937; 
Zimmerman and Hitchcock, 1936; Oortwijn, 1938). 

The possibility thus exists that differences in photoperiodic response may 
result from the greater production of auxin under ‘long days’ than under 
’short days’. Thus Cailachjan and Zdanova (1938) showed that the amount 
of diffusible auxin in the stems of several species was greater in long days 
than in short, but since this was true of both ‘long day’ and ’short day’ 
species, they concluded that these differences in auxin level have no signi- 
ficance in photoperiodism. Leopold (1949) showed that the leaves of Coleus 
produced 78 °/o more auxin when grown under a 16-hour day than under a 
10-hour day. He adduced evidence to show that differences in tillering of 
barley under long and short days result from differences in the amount of 
auxin produced during the light-phase. 

It is clear, however, that even if auxin is the substance »A» which has 
been postulated as formed during the light phase (Hamner, 1942; Gregory, 
1948; Wareing, 1950 a), differences in photoperiodic response under long 
and short days cannot result simply from differences in the amount of auxin 
produced, since it is well known that the length of the unbroken dark period 
plays an active role in determining the type of response (Hamner and Bon- 
ner, 1938) and that a light break of only short duration profoundly modi- 
fies the effect of a dark period. Moreover, it was pointed out that in 
seedlings of P. silvestris it appears to be the length of the dark period which 
is the main factor determining the final leaf-number of the plant (at least 
for daily dark periods of greater than 4 hours’ duration). This conclusion 
suggests that the effects of a dark period do not result simply from the fact 
that auxin-production is dependent upon a light-reaction, and that the auxin- 
level within the plant is reduced under long daily dark periods. 

Now, in the first paper of this series evidence was put forward for the 
view that there are two mutually antagonistic systems operating within the 
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plant: (a) a system promoting continued growth of the shoot, which depends 
upon some substance produced during the light phase, and (b) an inhibitor- 
system which becomes operative under 4 hours of dark, and which results 
in the earlier cessation of growth in proportion to the length of the dark 
period. 

It will be seen that this hypothesis attributes mutually antagonistic effects 
to the light and dark periods. Thus, if the reaction proceeding in the light 
results in the production of auxin, then the dark-reaction may possibly 
involve the production of a growth-inhibitor (or »anti-auxin»). The im- 
portance of inhibitors and anti-auxins in the developing plant is becoming 
increasingly apparent, particularly in relation to problems of dormancy. 
Thus Hemberg (1949) has shown that dormancy in tubers of potato and 
buds of Fraxinus is associated with the presence of an auxin-inhibitor and 
that the activity of this inhibitor gradually falls durng the rest period. 
Molotkovskija (1949) has suggested that the onset of senescence and 
dormancy is due to the gradual accumulation of growth-inhibitors. 

Now, if dormancy in P. silvestris also results from the gradual accumula- 
tion of natural auxin-inhibitors, then great interest is attached to the obser- 
vation that dormancy may be broken prematurely by transferring the plants 
to daily photoperiods of 20 hours or more. Possibly this phenomenon results 
from the reduction in amount of inhibitor when the day-length exceeds a 
certain critical value between 18 and 20 hours, or (possibly more accurately) 
when the daily dark period is 4 hours or less. Now, in considering the 
photoperiodic responses of first-year seedlings it was found that the total 
leaf-number was reduced in proportion to the length of the daily dark 
period when this exceeded 4 hours’ duration, and it was suggested that 
long dark periods could be regarded as having an inhibitory effect by 
promoting earlier dormancy. Thus the hypothesis is suggested that when 
the daily dark period exceeds 4 hours there is a gradual accumulation of 
an inhibitor which promotes dormancy, and that when the duration of the 
dark period is less than 4 hours there is a gradual reduction in the inhibitor 
and the suppression.of dormancy. Presumably with a certain length of dark 
period between 4 and 6 hours’ duration these two effects will exactly 
counterbalance each other. 

It is of interest to consider the implications of this postulated mechanism 
of photoperiodism in P. silvestris for the problem of photoperiodic induc- 
tion of flowering in herbaceous species, for there are good grounds for the 
view that the underlying mechanism is the same in both woody and her- 
baceous species. The evidence for this view may be summarised as follows: 


(1) In both woody and herbaceous species, photoperiodic effects are evoked 
at quite low light-intensities. 
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(2) In herbaceous species it is the length of the unbroken dark period which 
determines the nature of the response and a short ’light-break’ pro- 
foundly modifies this response; this is true also of P. silvestris. 

(3) In both types of plant there is often a reduction in internode-length, 
tending towards a ’rosette’ growth-habit, under short days. 

(4) There is a photoperiodic ’after-effect’ in both herbaceous and woody 
species when they are transferred from ’short day’ to ‘long day’ con- 
ditions. 


The parallelism between photoperiodic phenomena in herbaceous and 
woody species is thus sufficiently close to warrant the assumption that the 
underlying mechanism is the same in both groups. Now previous hypo- 
theses as to the mechanism of photoperiodism in herbaceous species (e.g. 
Cailachjan, 1937; Hamner, 1942; Gregory, 1948) have usually invoked a 
specific ‘flower hormone’. It has long been known, however, that many 
vegetative growth-processes e.g. internode extension, development of branch- 
ing, leaf-abscission, cambial activity, tuberisation, etc. may also be affected 
by day-length conditions in herbaceous species. In seedlings of woody 
species photoperiodic responses may be observed which affect only vege- 
tative processes and which appear not to be connected with any effects 
on reproduction. (Evidence that the initiation of the reproductive parts in 
P. silvestris appears not to be controlled by day-length conditions will be 
given in a later paper.) On these grounds alone, it seems likely that the 
substances formed directly by the light and dark reactions are of a gene- 
ralised nature and not specific ’flower-hormones’, Great interest is therefore 
attached to recent work dealing with the effects of auxins and anti-auxins 
on the initiation and suppression of flowering in herbaceous species (e.g. 
Galston, 1947; Bonner, 1949; Bonner and Thurlow, 1949; Leopold and 
Thimann, 1949). These observations lend support to the view that the hypo- 
thesis put forward for the mechanism of photoperiodism in P. silvestris, is 
applicable also to photoperiodic induction of flowering in herbaceous spe- 
cies. Thus the initiation of flowering may depend upon the relative levels of 
auxin produced in the light, and an inhibitor produced in the dark. 


This paper constitutes a further part of a thesis accepted for the degree of Ph. D. 
in the University ot London. 


Summary 


1. It is shown that cambial activity in seedlings of P. silvestris is main- 
tained longer under 15-hour photoperiods than under 10-hour photoperiods. 
Similarly, cambial activity may be prolonged in the autumn if the natural 


GROWTH STUDIES IN WOODY SPECIES III Do 


photoperiods are supplemented with artificial illumination to give a 15-hour 
photoperiod. Hence natural changes in day-length in the autumn appear to 
control the duration of cambial activity in P. silvestris. 

2. In the spring the initiation of cambial activity occurs under both long 
and short days provided the new annual shoot is allowed to develop, but 
in de-budded plants there is no cambial activity under either long or 
short days. 

3. The breaking of dormancy in plants of P. silvestris in the spring is 
hastened and facilitated by a previous exposure to cool temperatures. Pre- 
mature breaking of dormancy during the summer, however, may be in- 
duced when the plants are exposed to continuous illumination. The ‘critical’ 
photoperiod for this effect appears to be about 20 hours. 

4. After the buds have become fully dormant in the autumn, they are 
induced to break dormancy only with difficulty and extension of the new 
shoots is very restricted. 

5. The mechanism of photoperiodism in P. silvestris is discussed, and 
the hypothesis is put forward that these photoperiodic effects result from 
the production of auxin (or an auxin-precursor) in the light, and the forma- 
tion of an inhibitor in the dark. 


References 


Avery, G. S., Burkholder, P. R., & Creighton, H. B.: Growth hormone in terminal shoots 
of Nicotiana in relation to light. — Am. J. Bot. 24: 666. 1937. 

Bonner, J.: Further experiments on flowering in Xanthium. — Bot. Gaz. 110: 625. 1949. 

— & Thurlow, J.: Initiation of photoperiodic induction in Xanthium by applied 
auxin. — Bot. Gaz. 110:613. 1949. 

Cailachjan, M. C.: (Hormonal theory of plant development) Publ. Acad. Sci. U.S.S.R., 
Moscow, 1937. 

— & Zdanova, L.: Photoperiodism and the creation of growth hormones. — C. R. 
Acad. Sci. U.S.S.R. 19: 107. 1938. 

Galston, A. W.: Effect of 2-3-5 Tri-iodobenzoic acid on growth and flowering of soy- 
beans. — Am. J. Bot. 34: 256. 1947. 

Garner, W. W. & Allard, H. A.: Further studies in photoperiodism, the response of the 
plant to relative length of day. — J. Agr. Res. 23: 871. 1923. 

Gregory, F. G.: The control of flowering in plants. — S. E. B. Symp, 2:75. 1948. 

Gustafson, F. G.: Influence of length of day on the dormancy of tree seedlings. — Plant. 
Phys.. 13: 655. 1938. 

Hamner, K. C.: Hormones and photoperiodism. — Cold. Spr. Harb. symp. Quart. Biol. 

10: 49. 1942. 

& Bonner, J.: Photoperiodism in relation to hormones as factors in floral initiation 

and development. — Bot. Gaz. 100: 388. 1938. 

Hemberg, T.: Significance of growth-inhibiting substances and auxins for the rest period 
of the potato tuber, — Phys. Plant. 2:24. 1949 a. 

— Growth-inhibiting substances in the terminal buds of Fraxinus. — Phys. Plant. 


2:37. 1949 b. 


6 P. F. WAREING 


(Si) 


La Rue, C. D.: The effect of auxin on abscission of petioles. — Proc. U.S. Nat. Acad, Sci. 
22: 255. 1936. 

Leopold, A. C.: The control of tillering in grasses by auxin. — Am. J. Bot. 36: 437. 1949. 

— & Thimann, K. V.: The effect of auxin on flower-initiation. — Am. J. Bot. 36: 342. 
1949. 

Melikjan, N. M.: Anatomical structure of stem in sunflower as influenced by period of 
diurnal illumination. — C. R. (Doklady) Acad. Sci. U.R.S.S. 53:551. 1946 a. 


Molotkovskija, G. H.: (Significance of growth inactivators in plant dormancy.) — Dokl. 
Acad. Nauk. S.S.S.R. 68: 405. 1949. 
Moshkov, B. S.: Photoperiodismus und Frosthärte ausdauernder Gewächse, — Planta. 


23: 774. 1935. 

Oortwijn, B.: Induction of polarity by geotropical stimulation in tomato plants, etc. — 
Pro. Acad. Wetenschap. Amsterdam. Sec. Sci. 41:161. 1938. 

van Overbeck, J.: Wuchstoff, Lichtwachstumreaction und Phototropismus bei Raphanus. 
— Rec. Trav. Bot. Néerland. 30: 537. 1933. 

Phillips, J. E.: Effect of day-length on dormancy in tree seedlings. — Journ. Forestry. 
39: 1941. 

Priestley, J. H.: Studies in the physiology of cambial activity. III. The seasonal activity 
of the cambium. — New Phyt. 29: 316. 1930. 


— A note upon summer wood production in the tree. — Proc. Leeds Phil. and Lit. 
Soc. 3: 235. 1936. 
Snow, R.: Activation of cambial growth by pure hormones. — New Phyt. 34: 347. 1935. 


Struckmeyer, E. B.: Structure of stems in relation to differentiation and abortion of blos- 
som buds. — Bot. Gaz. 103: 182. 1941. 

Thimann, K. V. & Skoog, F.: On the inhibition of bud development, etc. — Proc. Roy. 
Soc. B. 114:317. 1934. 

Wareing, P. F.: Photoperiodic control of leaf growth and cambial activity in Pinus 
sylvestris. — Nature. 163: 770. 1949. 

— Growth studies in woody species. I. — Photopcriodism in first-year seedlings of 
Pinus silvestris. — Phys. Plant. 3: 258. 1950 a. 

— Growth studies in woody species. II. Effect of day-length on shoot-growth in Pinus 
silvestris after the first year. — Phys. Plant. 3: 300. 1950 b. 

— Extension and radial growth in trees. — Nature. 166: 278. 19502. 

Wight, W.: Radial growth of the xylem and starch reserves in Pinus sylvestris. — New 
Phyt. 32:77. 1933. 

Zimmerman, P. W. & Hitchcock, A. E.: Effect of light and dark on responses of plants 
to growth substances. — Cont. Boyce Thomp. Inst. 8: 217. 1936. 


PHYSIOLOGIA PLANTARUM, VOL. 4, 1951 


Studies in Plant Transpiration I 
By 
GEORG HYGEN 


Botanical Laboratory, University of Oslo 
(Received Dec. 4, 1950) 


Contents 
Le NON SRE ee ee 57 
DL TOITS DNS nee ee Re nn 60 
GeneralgconsideratlOms as Re es 60 
Measurementssot thestranspiration lossie . a ne 61 
Stomatalaandmcuticulata transpiration) (ee ee rennen es ot abe ee Eee 63 
Calculationsofgiranspiration -parameters nn... 5 6 ae ata nennen rare aloe ever 65 
Control of experimental conditions ........ Pose le Den ce ace execs ash 67 
Ontlinetohexperientall procedures... cn cides es ae, fsa see een nee 72 
Il, Theory of transpiration decline in excised plants ...............-.......0-s-- 76 
IV. Transpiration measurements in Vaccinium myrtillus L. ........................ 88 
RE DECO ES Dan Giro Gane ota En tient ee MT es SAT 88 
Bees ISCUSSLON eae ye Are ers ae cute ara An Denise as 124 
EE CR LE LR SR Ten eq Shae ewe are 124 
Course of transpiration curve during the stomatal phase .................. 125 
Hhettimettactorin stomatal reaction =. ee on 0e 129 
Course of transpiration curve during the closing phase .................... 138 
Course of transpiration curve during the cuticular phase .................. 156 
Reduction of data—to;standard conditions poe 2 esa nse 159 
Statistical analysiszoferesults; zo 2. yes os ee age ne ge ecoute 171 
SUBIT Lobnsbéonmésueneceneetre bobos oo than Gone sono dn donnee 178 
RELEVCIICE SIT TR DE Re ER TOR PRE ur OO na rie PO EN 181 


I. Introduction 


In transpiration literature, complete agreement exists at least on one point, 
viz., that the transpiring properties of plants differ profoundly according to 
differences in their structure and development. In comparing the transpiring 
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properties of any two plant individuals, however, considerable difficulties 
arise, and there is wide difference of opinion as to how it may best be done. 
The present investigation is an attempt to develop an experimentally simple 
method of obtaining consistent and reproducible transpiration data, which 
may serve as a base for such comparison. 

The actual transpiration rate of an individual plant in a given situation 
depends on three sets of conditions, viz., a) microclima in the widest sense, 
b) the morphological and physiological structure of the plant, and c) the 
momentary physiological state of the transpiring organs. The ultimate aim 
of transpiration research is to establish definite numerical relations between 
the transpiration rate and these three sets of conditions. This task is rendered 
difficult by the complexity of the sets of conditions involved, and especially 
by their mutual interaction, for both the two latter groups of factors depend 
to a great extent upon the »microclimatic pretreatment» to which the plant 
has been exposed during growth and development. Thus, such properties as 
the effectiveness of the water-conducting system, the relative surface area 
of leaves, the thickness and chemical structure of the cuticula, the number 
and size of stomata, etc., can in many species be modified over a wide range 
under the influence of different microclimatic conditions (cf. Walter 1926, 
1931, Alexandrov 1927). 

Furthermore, some of the principal factors involved in the diurnal trans- 
piration regulation mechanism of plants are also highly susceptible to micro- 
climatic changes (e.g. aperture of stomata, osmotic conditions of leaf cells, 
water saturation of mesophyll cell walls). 

Owing to this complex system of interacting factors, and to the ocurrence 
of persistent after-effects, even genetically identical individuals from the same 
locality may, in parallel measurements under constant experimental condi- 
tions, show widely different transpiration rates. In field work it is, moreover, 
practically impossible to obtain truly identical conditions in subsequent 
experiments, and even in simultaneous experiments with different plants 
unobserved differences may exist. Too often, therefore, it becomes a matter 
of personal judgement whether observed differences in transpiration rate 
ought to be ascribed to the operation of microclimatic factors beyond control, 
to structural dissimilarity in the plant specimens, or simply to variations 
caused by the stomatal regulation mechanism. No wonder that the literature 
in this field is so rich in conflicting evidence and contradictory theories. 

In particular, the great quantity of transpiration data so far accumulated 
has not been able to clarify the principles for an ecological classification of 
plants according to their water relations (cf. Fitting 1926). While Schimper 
and his school, upon morphological evidence alone, expected thin-leaved 
plants to transpire more intensely than plants with thick, leathery leaves 
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under the same external conditions (cf. Walter 1926), no general relation of 
this kind can be extracted from the experimental results now at hand. On 
the contrary, as Schratz wrote in 1932, the increasing number of papers on 
this subject of later years have only led to increasing confusion. 

The reason for this persistent vagueness obviously lies in methodical diffi- 
culties, and an analysis of merely methodical questions, such as presented 
here, would therefore seem to be justified. 

At first sight, it might seem an adequate procedure to place any two 
plants of equal size under the same external conditions and find out which 
of them gives off most water vapour over a certain period of time. But how 
are we to decide whether two plants are of equal size? How are we to know 
whether the specimens used are in the same physiological condition? Might not 
the relation between the transpiration rates observed be radically altered if the 
experiments were carried out under different external conditions, or, even, 
if the duration of the experiment was changed? 

An analysis of these questions and of the evidence obtained by previous 
investigators affords arguments in favour of a special method for experiments 
in transpiration with excised objects (cf. chapter II below). A quantitative 
evaluation of ihe results of experiments by this method must be founded 
upon a general theory of the transpiration decline in excised objects. Such a 
theory was proposed several years ago by Fukuda (1935), but has not been 
further developed since then. It seemed possible, in my opinion, that an 
application of this theory to transpiration measurements obtained by the 
proper method might give conclusive results. In order to test this possibility, 
a considerable number of experiments has been made with species of eco- 
logically different types. The paper presented here, is the first of a series 
of four papers covering the different sections of the material. 

The bulk of the experimental results are given in the form of semiloga- 
rithmic curves. based on reduced data. It has not been possible to publish 
tables of the original measurements as well, but mimeographed copies of 
these tables are available on request. 

Both the experiments, and the plant objects employed for the different 
series, were numbered chronologically during the investigation, and these 
numbers have been retained throughout. For this reason, the experiments 
and objects dealt with in the present paper are not consecutively numbered. 

As a full treatment of the existing literature on plant transpiration would, 
of course, be impracticable, only selected references are given. 
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II. Problems of method 


General considerations 


In transpiration research, two different lines of investigation can be more or less 
clearly distinguished, viz., the ecological and the physical one. The ecologist is 
mainly concerned with the actual transpiration of plants in their natural environ- 
ment, however complex and inaccessible to exact analysis this environment may be. 
From a physical viewpoint, on the other hand, the plant is considered as a trans- 
piring physical system of special kind, whose properties can only be defined in 
relation to a certain set of quantitatively conceived external factors. 

According to Schratz (1931 a, p. 239), many of the apparent contradictions in 
transpiration research have arisen from an unfortunate intermingling of these two 
trends, results obtained in one field being inappropriately applied to problems in 
the other, and he urges that the ecological and the physical approach to transpira- 
tion problems be kept strictly apart. 

There exists, however, a third aspect of plant transpiration, under which such a 
separation cannot be maintained, because both the ecological and the physical 
evidence are recognized as elements of a single compound picture, viz., the physio- 
logical aspect. From the physiological point of view transpiration does not appear 
as an isolated phenomenon, but as one of the most important of the many inter- 
acting processes, which influence the water balance of the living plant. To the 
physiologist, therefore, the main problem of transpiration is neither the absolute 
quantity cf water given off by plants under natural conditions, nor the purely physi- 
cal properties of the transpiring member, but the power of the living plant to effect 
changes in the transpiration rate by means of certain regulating mechanisms. 

It is owing to this regulating power that the water content of the living tissues 
of the plant can be kept within the critical limits for the fundamental metabolic 
precesses, even during prolonged periods of unfavourable climatic conditions (cf. 
Huber 1924, p. 112). In the great majority of previous attempts to classify plants 
according to their transpiration, these regulation mechanisms. are, however, not 
taken into account. 

The ecological line of enquiry has established beyond doubt that the absolute 
amounts of water transpired by different plants in different localities, calculated 
in grams of water lost per square dm of leaf surface in an hour, furnish material 
for no classification whatever (cf. Brewig 1933, p. 762—763). Obviously, therefore, 
plants of different habitats do not differ significantly and systematically with respect 
to their absolute transpiration loss under natural conditions. 

The physical approach has led to perhaps slightly less negative results, though 
no general correlation has so far been established between structural factors and 
transpiration rate. In this field, however, inadequate experimental procedures have 
been so widely employed, that the apparent lack of correlation is not to be empha- 
sized too strongly. Nevertheless, the theory of a functional relatinship between 
ecological character and transpiration rate will not be able to draw much encourage- 
ment from the results in this field either. 


As a third alternative, the possibility suggests itself, that the primary distinction 
between the various ecological types, with respect to transpiration, might be found 
in the dynamic process of transpiration regulation, rather than in fixed structural 
peculiarities (cf. Pfeffer 1897, p. 218—219, Huber 1924, p. 11, Maximov 1931, 
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p. 279—280). At any rate, an attempt to obtain a more precise characterization of 
the effectiveness of the regulating mechanisms seems worth while. 

In transpiration research, as in any other branch of natural science, methods 
must be chosen in accordance with the object to be achieved. Thus, in ecological 
investigations, methods of determining the actual water loss of plants in their 
natural habitat must be employed, while the physical problems of transpiration can 
only be attacked through experiments carried out in a completely controlled arti- 
ficial environment, where the essential factors can be varied at will. 

Neither cf these two groups of methods, however, are likely to throw much 
light upon the essential physiological problem of transpiration, as formulated above. 
If we want to investigate the regulating mechanisms which influence the trans- 
piration rate in living plants, our methods must be adapted to this special aim. 


Measurements of the transpiration loss 


The methods of measuring transpiration have been so extensively reviewed and 
criticized by previous authors (e. g. Grafe 1924, Burgerstein 1904, 1920, 1925, Maxi- 
mov 1929), that a detailed discussion of the advantages and disadvantages of the 
various methods would seem to be redundant here. Of the three groups of methods 
available (cf. Maximov 1929, p. 107), the gravimetric methods must generally be 
preferred on account of their convenience, rapidity and accuracy, whenever special 
reasons do not prevent their application. The gravimetric methods may again be 
subdivided in the following manner: 

A. The weighing of complete plants with their roots in earth or water containers. 

B. The weighing of excised plants or plant parts. 

1. Water absorption through the stem allowed during the experiment. 
2. No water absorption allowed during the experiment. 


The first of these methods (A) cannot be applied to plants growing under natural 
conditions, unless they are transplanted and transferred to greenhouse or laboratory, 
whereby uncontrolled alterations in some of the factors determining their trans- 
piration may occur. 

The method B1 suffers from the same principal disadvantages as the potometer 
method, viz., the introduction of an irregular increase of the conduction resistance 
of the stem, and the occurrence of fluctuations in water deficit owing to inequality 
of transpiration and absorption. 

The method of weighing excised plants or parts of plants alone (B 2) is the most 
rapid and accurate of the gravimetric methods, because no containers or other 
extraneous equipment are included in the objects to be weighed. Moreover, this is 
the only method which allows the transpiration regulating mechanisms of the plant 
to exert their full influence during the experiment. When the water supply of the 
plant is completely cut off, these regulating mechanisms are bound to come into 
action, whereas a continued water absorption during the experiment must tend to 
postpone or prevent their function. 

Since this last method thus marks itself out as the one to be employed in the 
present investigation, we must deal briefly with the main points of criticism pre- 
viously made against it. We are here, of course, only concerned with the rapid- 
weighing-method introduced by Huber (1927), the slow-working older methods 
being generally recognized as worthless in experiments with cut plants lacking water 
replenishment (cf. Schratz 1931 a, b). 


62 GEORG HYGEN 


In cut plants, transpiration involves a decrease in water content, which. in turn 
must cause a gradual decline of the transpiration rate until the final equilibrium 
of airdryness is attained. Hence, if the object of experiments with cut plants is to 
estimate the transpiration rate of the intact plant, only transpiration values obtained 
immediately after cutting can be of any consequence, and it becomes a point of 
vital importance to know the relation between the transpiration rates directly before 
and after cutting, i.e. the possible influence on transpiration of the cutting per se. 

If, on the other hand, the working of the regulating mechanisms is to be studied, 
the course of the transpiration decline must be registered during a period of several 
hours. Since this decline can be expressed in relative values, minor aberrations in 
the initial transpiration rates caused by cutting will not be so detrimental to the 
results as in the former case, but even so, the problem of cutting effects deserves 
attention. 

Measurements of the transpiration rate immediately before and after cutting have 
shown that the effect of cutting depends upon the state of the plant material and 
the conditions of the experiment (Iwanoff 1928, Firbas 1931, Pfleiderer 1933, Wein- 
mann and Le Roux 1946). In some cases, a marked increase of transpiration occurs 
during the first minutes after cutting. This effect can be demonstrated even when 
no measurements are made previous to cutting (Kamp 1930). In other cases, the 
transpiration over a short period immediately after cutting remains on the same 
level as in the intact plant. Finally, a pronounced decline is also often observed. 

These irregularities have led to considerable differences of opinion as to the value 
of the method in question as a means of estimating transpiration rates of plants in 
their natural habitat (Stocker 1929, p. 136, Arland 1929, Kamp, lc. p. 433). This 
discussion is, however, irrelevant to our problem and will not be developed here. 
From our standpoint, the occurrence of cutting effects gives rise to quite another 
question, viz., whether it is possible to perform experiments under conditions which 
eliminate such effects. 

The irregular response of transpiring plants to cutting can be explained as a 
result of an interaction between the factors causing the normal transpiration decline 
after cutting, and other factors tending to increase transpiration. Two separate 
mechanisms tending to increase ‘transpiration have previously come under considera- 
tion. In the first place, most plants will under natural conditions show a more or 
less pronounced water deficit during periods of rapid transpiration, e.g. on hot 
summer days. As a result, the water columns in the conducting vessels of the stem 
will be under a stress, the sudden release of which by cutting will cause the columns 
to rush upwards and thus momentarily increase the water supply to the transpiring 
leaves. Secondly, stomatal movements may be involved. If the experiments are 
carried out under natural conditions, sudden alterations of illumination and humidity 
may induce opening movements, but even under constant climatic conditions, »hydro- 
passive» opening movements of the stomata may occur in wilting plants (Stälfelt 
1929 a, Iljin 1932). 

Both these mechanisms depend upon the existence of a certain water deficit. 
Provided the suggested explanation holds good, no cutting effects would thus be 
expected to occur if the tissues of the transpiring organs were completely saturated 
with water at the start of a transpiration experiment. Whenever this precaution can 
be taken, we should, therefore, be able to obtain more consistent results. The 
practical application of this principle will be dealt with below. 
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Stomatal and cuticular transpiration 


The water vapour given off from transpiring plants escapes from the leaves along 
two different paths, viz., through the stomatal openings (stomatal transpiration) and 
through the cuticula covering the epidermal cells between them (cuticular transpira- 
tion). Thus, if the total transpiration in a certain experiment be T, we may write: 


T= Ts+Te (U) 


where T, denotes the stomatal transpiration and T, the cuticular transpiration (cf. 
Seybold 1929 b, p. 128). For many purposes, a separate determination of these two 
components becomes necessary. Thus, if we want to investigate the function of the 
stomatal apparatus as a means of regulating transpiration, the effectiveness of this 
mechanism can be characterized by calculation of the quotient 


The simplest experimental method of determining the relative importance of 
stomatal and cuticular transpiration is founded upon the fact that, in most plants, 
pronounced differences exist between the upper and lower surface of the leaves 
with respect to their stomatal equipment. Separate determination of the transpira- 
tion of these two surfaces can easily be made, either simultaneously, or in con- 
secutive experiments with homogeneous material. 

Let the transpiration of the upper surface found in such experiments be T,, and 
the transpiration of the lower surface Tx, then the total transpiration 


E = TA + Ts (2) 


(Theoretically, this equation is open to objection where the values of T1 and Tx, have 
been determined in experiments in which one surface at a time has been covered 
with vaseline or some other impermeable substance, because deviations must then 
occur in the diffusion gradients in the interior of the leaves, compared with the 
normal conditions of bilateral transpiration, cf. Füsser 1933, p. 495—496). 
According to (1), we may write: 
ata — (Ts)a + (Te)a (3) 


DE (Ts)B + (Tc) (4) 


In hypostomatal leaves, (T;), =0, and it is customary to base the further calcula- 
tion upon the assumption that the cuticular transpiration from both surfaces are 
the same: 

(Te)a == (Te) (5) 
Hence the conclusion: 
Te 2 MAMAN AN ENT ET (6) 


Naturally, only approximate results can be obtained in this way, for the diffusion 
resistance represented by the cuticula and outer wall of the epidermis on both sides 
of hypostomatal leaves must be expected to differ considerably in most cases, judging 
by the anatomical evidence. (Reliable experimental data bearing upon this point 
are scarce, cf. e.g. Brewig 1933, p. 772.) 

Furthermore, this calculation method implies another tacit assumption, viz., the 
identity of the cuticular transpiration of the lower leaf surface during different 
stages of stomatal aperture. Consideration of the extreme stages, however, i.e, maxi- 
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mum and zero aperture of stomata, makes it clear that this assumption cannot hold 
good in general. Obviously, cuticular transpiration must be most intense when the 
stomata are closed, since under constant conditions in calm air the additional quan- 
tities of water vapour given off when the stomata are open, will cause a slackening 
of the diffusion gradient in the atmospheric layer immediately above the leaf surface. 
Thus, an increase in the stomatal transpiration component caused by opening move- 
ments must bring about a decrease of the cuticular transpiration component of the 
same surface. 

Since simultaneous measurements of the two transpiration components, T, and 
T., of the same transpiring surface is impracticable, the cuticular transpiration of a 
surface provided with stomata can only be experimentally determined when the 
stomata are closed. For this reason, it would be best in accordance with experimental 
practice if Te in equation (1) above be defined not as the (unknown) amount of 
water vapour actually passing through the cuticula during the experiment, but as 
the value of the cuticular transpiration attained when the stomatal transpiration is 
equal to zero (stomata of both leaf surfaces either missing or closed). This definition 
will be adopted here. Equation (1) must then be reformulated in the following way: 


T=T;s+k-Te, kee (1b) 


where k is a correction factor which ought to be taken into account when physical 
problems concerning stomatal transpiration are under investigation. The numerical 
value of k at different transpiration rates must then be estimated from a calculation 
of the steepness of the diffusion gradient in the atmospheric layer next to the leaf 
surface (cf. Leighley 1937, Gäumann 1942/43). : 

We encounter in this field a number of physical problems which, however 
interesting, are not readily susceptible of experimental analysis. 

In this paper we are, however, concerned with transpiration as a physiological 
phenomenon, and especially with the regulative effect of stomatal closing. This effect 
can best be expressed by a comparison between the extreme values corresponding 
to maximum and zero stomatal aperture respectively. From our viewpoint, the rela- 
tive magnitude of the two transpiration components during the intermediate stages 
of aperture thus. becomes of minor interest. For, when the water balance of the 
plant is considered, it is the actual rate of water loss at any given time which 
matters, while an investigation of the amount of water escaping along each of the 
different paths of exit from the plant surface would be irrelevant. 

In this connection it may also be emphasized that a purely stomatal transpiration 
does not exist, since the cuticula is never completely impermeable to water. The 
transpiration of plants in nature, therefore, is either a purely cuticular transpiration, 
or a mixed transpiration consisting of a cuticular and a stomatal component, the 
relative magnitude of which cannot be directly determined by the methods available 
at present. 

The methods discussed above clearly allow only an indirect determination of T.. 
even in the comparatively simple case of hypostomatal leaves. In amphistomatal 
leaves, the exact analysis of experiments by separate determination of the transpira- 
tion of upper and lower surface meets with still greater difficulties: There exists, 
however, another group of methods, which in principle are more adaptable to the 
study of stomatal regulation, since direct measurements both of T and T, can be 


obtained, i.e., the methods which aim at inducing stomatal closing during the experi- 
ment. 
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Stematal closing can be effected in different ways, e.g. by exclusion of light or 
water supply. 

Though simple in principle, this method has so far not become established in 
practice, chiefly for two reasons: In the first place, no reliable method of recording 
the precise aperture of stomata without disturbing the course of the experiment has 
been available (cf. Stälfelt 1929 b). Secondly, those alterations in the conditions 
of the experiment necessary to induce stomatal closing, may unintentionally affect 
the transpiration rate in other ways also. 

However, a possible way of obtaining more satisfactory results by this method 
is implied in the theory of transpiration decrease in excised objects developed by 
Fukuda (1935). As this theory will be more closely discussed in a following chapter, 
only the general idea may be provisionally indicated here. 

If a cut plant object is left to transpire under constant external conditions, the 
transpiration will gradually decrease with decreasing water-content according to 
a definite quantitative relation, provided the stomatal aperture remains unaffected 
by the water loss. When the stomata begin to close, a still more rapid retardation 
of the transpiration must occur, as the stomatal component is gradually eliminated. 
Finally, when the closing movement is complete, further decrease in the remaining 
cuticular transpiration would proceed more slowly. If the transpiration decline were 
followed very closely by means of the rapid-weighing-method during a period of 
several hours subsequent to cutting, a study of the resultant decline curves should 
furnish significant information as to the function of the stomatal apparatus in 
regulating transpiration. 

The soundness of this idea has since been confirmed by Pisek and Berger (1938), 
who state that, according to their experience, the moment of complete closure of 
stomata can be more precisely determined by analysis of such curves than by direct 
microscopical observation (l.c., p. 126—127). 


Calculation of transpiration, parameters 


In measuring transpiration by the rapid-weighing method figures are obtained, 
which denote quantities of water lost by the plant object in certain time intervals. 
A comparison of different series of measurements of this kind can only be made 
if these figures are referred to definite quantities of transpiring plant substance. 
Various methods have been suggested for a quantitative evaluation of transpiring 
plant objects (cf. Maximov 1929, p. 126 seq., Seybold 1930, p. 659 seq.), chief among 
them (a) measurement of the transpiring surface area, (b) measurement of the 
fresh weight of the transpiring member, and (c) determination of the total water 
content of the plant material. 

The choice between these methods must depend upon the aim of the investigation. 
In ecological work, the transpiration has mostly been expressed in units of leaf 
surface, and the term intensity of transpiration has been employed to denote the 
water loss in grams per hour per square decimetre of leaf surface. Since the work 
of Huber (1924, p. 44—47) and Walter (1925, 1926, p. 3438), however, the short- 
comings of this method have become increasingly obvious. 

If we consider the water-economy of the plant as a physiological problem, the 
dimension of the surface area through which a given amount of water transpires 
is irrelevant, the essential point being the reduction of the water-content of the plant 
caused by transpiration. This effect can only be characterized by referring the water 
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loss to weight, volume or water-content of the transpiring member. For practical 
reasons, fresh-weight determinations must be preferred, since they do not interfere 
with the physiological condition of the material and can be rapidly and accurately 
carried out at the start of any transpiration experiment (cf. Bosian 1933). 

This principle has already been clearly formulated by Pfeffer (1897, p. 219): »Für 
die Oekonomie der Pflanze ist der Gesamtverlust an Wasser von entscheidender 
Bedeutung und in dieser Hinsicht ist es geboten, die Transpiration im Vergleich zur 
Masse, also zum Körpergewicht zu betrachten.» For the purpose of comparison, 
however, Pfeffer recommended surface-relative data. 

In order to avoid confusion, the term »transpiration intensity» should not be 
employed when the water loss is referred to fresh weight units. In this case, no 
separate term seems so far to be in general use. In the present paper, the term trans- 
piration rate, which has previously been used in a rather indeterminate sense, will 
be employed only in the specific meaning of mg water lost per minute per gramme 
fresh-weight of the transpiring object. By expressing water loss in terms of mg’s 
per minute rather than g’s per hour, as is customary, emphasis is given to the fact 
that we are concerned with momentary recordings. In excised objects, average values 
for transpiration periods as long as one hour convey no useful information whatever 
(Firbas 1931, p. 588). 

From the magnitude of the transpiration intensity or the transpiration rate alone, 
no conclusions can be drawn about the transpiration properties of different plants. 
For this purpose, various other concepts have been introduced. We may deal briefly 
with the diffusion resistances, resp. transpiration resistances calculated by Seybold 
(1929 b, see also Seybold und Füsser 1931, Seybold 1931, Bachmann 1932 and 
Brewig 1933), because this conception is based upon determinations relative to the 
surface area and consequently cannot be applied to the problems under discussion 
here. Besides, I am inclined to agree with Schratz (1931 a, p. 253 seq.), who expresses 
serious doubts about the value of Seybolds calculation method. 

From our standpoint, another transpiration parameter defined by Seybold deserves 
more attention, viz. the marimum/minimum-quotient (Seybold 1929 a, p. 122). This 
quctient denotes the relation between the highest and the lowest transpiration inten- 
sities observed in a series of experiments with the same species, and is regarded as 
a means of distinguishing between xerophytes, mesophytes and hygrophytes. A 
number of quotients calculated partly from previous work, partly from Seybolds 
own experiments, serve as the basis for the formulation of »the maximum-minimum- 
law of transpiration values»: » Je weiter die extremen Transpirationsraten (Maximum 
und Minimum) innerhalb des täglichen Transpirationsablaufes auseinander liegen, 
desto xeromorpher ist das Transpirationssystem.» (l.c., p. 201). 

Now, the so-called maximum-minimum quotients will obviously not formulate the 
characteristic properties of the transpiring system unless the maxima and minima 
involved represent real extremes of some definite function, and are not only picked 
out as the highest and lowest figures among random samples of accidental measure- 
ments, made under varying conditions. This fundamental demand seems, however, 
not to have been realized by Seybold, as demonstrated by Schratz (1931 a, p. 257 
seq.). Though Seybolds maximum/minimum quotients are, in my opinion, based 
on a perfectly sound idea, viz., to derive a quantitative expression of the efficiency 
of the transpiration regulating mechanisms of different species, such an expression 
cannot be obtained as simply as he suggests. 

Important advances in the method of obtaining maximum/minimum quotients 
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were introduced by Brewig (1933), who developed a new formula for the calcula- 
tion of transpiration resistances, and, further, employed an experimental procedure 
better adapted to the purpose. Brewig succeeded in demonstrating that the maximum/ 
minimum quotient of transpiration resistances of leaf surfaces provided with stomata 
was much greater in the xeromorphic Hedera Helix, Ficus elastica and Rhododendron 
hybridum than in any of the other 14 species investigated under the same experi- 
mental conditions. From this result Brewig concludes, that xeromorphic leaves are, 
in general, in possession of a more effective regulation mechanism (»regulatorisch 
leistungsfähiger») than the leaves and shoots of other plants (l.c., p. 789). It is 
evident, however, that the maximum/minimum quotients obtained by Brewig may 
fail to register extreme ecological differences, (cp. the practically identical figures 
emerging in Hydrangea hortensis and Opuntia. Rafinesquii, l.c., tab. 8, p. 766). 

Another method of attacking the same problem has been employed by Schratz 
(1931 a), who tried to characterize the transpiration decrease in excised objects by 
means of the so-called deviation quotient (Abweichungsquotient). This quotient is 
defined by a comparison between the actual transpiration loss observed in excised 
objects over a certain period of time subsequent to cutting, and the hypothetical 
amount of water which the same object would have lost in the same period, if it 
had been allowed to remain intact under natural conditions. This latter amount can 
be calculated from the first transpiration value obtained immediately after cutting, 
this value being taken as representative of the natural condition. 

While the transpiration loss of the intact object is thus assumed to be proportional 
to the duration of the experiment (ideal curve), the water loss of the cut object 
will actually be lower, owing to the transpiration decline which occurs regularly 
in excised plants. The magnitude of this deviation can be characterized by forma- 
tion of the quotient between the actually observed and the calculated ideal water 
loss, i.e., the deviation quotient. 

According to this definition, the deviation quotient is a variable figure, decreasing 
with time in a manner similar to the transpiration itself. The calculation of these 
quotients therefore serves only to demonstrate in a more roundabout manner the 
transpiration decline which can be read directly from the observed data. Probably 
for this reason, Schratz has omitted this calcylation in a later paper (1932). 

The experimental data obtained by Schratz (1931 a, 1932) have further also been 
treated by Fukuda (1935), who employed another method of analysis. According 
to Fukuda, a number of separate stages can be distinguished during the transpira- 
tion decline in cut objects, each stage being characterized by a constant called the 
decline coefficient (Abfallskoeffizient). The principles outlined by Fukuda seem in 
my opinion to be much better adapted to the analysis of rapid-weighing experi- 
ments with cut objects than any of the calculation methods previously suggested. 
Before we can proceed to a more thorough discussion of his theory, however, it will 
be expedient to deal first with the problem of controlling the general experimental 
conditions in investigations of this kind. 


Control of experimental conditions 


In general, a comparison of the transpiration of different plant species must be 
based upon the magnitude of transpiration values obtained in experiments made at 
different times under different external conditions with material from different 
localities. If such comparisons are to make sense at all, the separate determinations 
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must first be reduced to some common standard. This can only be done if the 
experiments are performed under completely controlled conditions, i.e. under condi- 
tions which allow the variations of each separate factor affecting transpiration 
either to be registered by quantitative measurements during the experiment, or to 
be eliminated by maintenance of a constant level of intensity. 

To some extent the design of such experiments must depend upon the object in 
view. Thus the standardized cobalt paper method (Meyer 1927 a, 1932, Blaydes 1928, 
1935), which may be successfully employed as a means of securing compatible values 
in some cases, cannot be generally employed in transpiration investigation, because 
ihe application of desiccated filter paper discs to the leaf surface is apt to alter the 
transpiration intensity both directly, by changing the diffusion conditions, and 
indirectly, by causing incontrollable reactions of the stomatal apparatus. 

If we want to study the individual transpiration properties of different plants, 
the following circumstances must be subject to quantitative control (cf. p. 58): (a) the 
microclimatic conditions of the experiment (external factors), (b) the physiological 
state, and (c) the quantity of the plant material employed. As the latter factor has 
been dealt with in the preceding section, only the two first points need be dis- 
cussed here. 


(a) External conditions 


The principal microclimatic factors which influence the transpiration of plants 
are: (1) atmospheric humidity, (2) temperature, (3) light, (4) atmospheric pressure, 
(5) air movements, and (6) soil moisture. All these factors except the last-one exert 
their influence mainly in a direct physical manner, through the mechanism which 
determines the steepness of the water vapour diffusion gradient from the leaf surface 
into the surrounding atmosphere. The effect of variations in soil moisture on the 
other hand is more indirect, involving the water balance of the entire plant, and it 
seems most practical to include the influence of this factor under the physiological 
conditions. 

The remaining microclimatic factors affect not only the transpiration of living 
plants, but the evaporation of water from the surface of physical bodies also. Hence 
the separate influence of all these factors on transpiration can be integrated in a 
simple measurement by the use of a physical body as reduction standard. This 
principle was first applied in practical experiments by v. Héhnel as early as in 1880 
(cf. Huber 1924, p. 66, foot-note), and later by Livingstone (1906), who used the eva- 
poration from a free water surface as a standard, and calculated relative transpiration 
values according to the formula T/E, where T represents the transpiration loss of 
the plant and E the evaporation of the standard body, as obtained in simultaneous 
measurements under identical conditions. 


This reduction method is based upon the assumption that microclimatic changes 
generally affect the transpiration of living plants and the evaporation from physical 
bodies in a quantitatively corresponding manner. Where a free water surface is 
used as a standard, this assumption does not hold good, and the various evapori- 
meters and atmometers constructed by Livingstone and others represent no satis- 
factory solution either (cf. Maximov 1929, Seybold 1929 b, Brewig 1933, p. 781 — 
784, Leighley 1937, p. 195). In recent investigations therefore, the calculation of 
relative transpiration values has mostly been abandoned. 


Since the microclimatic conditions influencing transpiration cannot at present 
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be adequately characterized by physical evaporation measurements only, we must 
resort to the more complex method of attending to each factor separately. 


(1) Atmospheric humidity — The rate of evaporation from the moist surface of 
a physical body is proportional to the difference between the vapour pressure at the 
evaporating surface and the vapour pressure of the surrounding atmosphere (cf. 
Leighley 1937). If this difference be kept constant, temperature variations do not 
affect the evaporation rate. 

The application of this law to transpiration experiments demands caution, since 
a living plant is a system the properties of which are very different from those of 
any physical object. To begin with, the water vapour pressure of the atmosphere 
can be easily calculated from temperature and relative humidity data, but the 
vapour pressure at the transpiring leaf surface is not so readily accessible to measure- 
ments, especially in field experiments. When the necessary measurements of tem- 
perature and humidity at the leaf surface are lacking, as is most often the case, 
a calculation of the vapour pressure difference must be based upon gross assump- 
tions. The most usual procedure is to presume the temperature of the leaf surface 
to be equal to the atmospheric temperature, and the relative humidity at the surface 
to be 100 °/o. The vapour pressure difference between surface and air would then 
become equal to the saturation deficit of the atmosphere (cf. Anderson 1936). If 
these assumptions were justified, the transpiration intensity would thus be propor- 
tional to the saturation deficit of the atmosphere, and the reduction of different 
observations would become an exceedingly simple affair. 

The extensive investigations of Gäumann and Jaag (1936, 1938) have shown, 
however, that the influence of humidity variations upon transpiration is actually 
much more complicated. Even if the atmospheric temperature is kept constant and 
the temperature deviations of the transpiring leaf are taken into account by calcula- 
tion of the so-called »physiological saturation deficit», (Gäumann and Jaag 1936, 
p. 445), no linear relationship can be shown to exist. Moreover, striking individual 
variations often occur within the same species. 

This means that, whichever method we may choose for comparing transpiration 
values, it is encumbered with inherent errors, and that we must resort to approxi- 
mate methods which minimize these errors as far as possible. 

The investigations of Gäumann and Jaag (l.c.) have shown that the most serious 
irregularities in the course of transpiration curves occur at high transpiration inten- 
sities, i.e., at high temperatures in dry air. Consequently, experiments intended to 
serve as a basis for comparison between different species should preferably be 
carried out under conditions which induce only a moderate transpiration. When no 
measurements of leaf temperatures can be made during the experiments, this pre- 
caution also becomes necessary in order to keep the inevitable deviations from 
atmospheric temperature within reasonable limits. 

An examination of the many transpiration curves published by Gaumann and 
Jaag shows further that under such conditions, e.g., in the range of a physiological 
saturation deficit of about 5 mm Hg, the curves for both cuticular and stomatal 
transpiration can, for a short distance, be quite satisfactorily approximated by 
straight lines. Provided that only observation points which lie within this range be 
used for comparison, reduction by a simple proportional relation may, therefore, 
in many cases, give sufficiently accurate results for ecological and physiological 
purposes, if the formulation of exact relations is not intended. 
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(2) Temperature. — At constant absolute humidity, temperature variations entail, 
of course, corresponding variations in the atmospheric (physical) saturation deficit, 
and thus indirectly affect transpiration. This effect is authomatically taken into 
account by reduction to standard humidity. 

Temperature must be expected, however, to exert a more direct influence on 
transpiration also, since the diffusion rates involved in the transpiration process 
depend upon temperature. Furthermore, the permeability of the outer layer of the 
leaf is probably also influenced by temperature variations (Gäumann and Jaag 1936, 
p. 515). Under conditions favouring rapid transpiration, the water-permeability of 
mesophyll cells may equally be involved. 

In the case of these latter temperature effects, even an approximate relation which 
might serve for reduction purpose, cannot be formulated at present, and the only 
possible way of control is therefore to secure approximately the same standard 
temperature level during all experiments. 


(3) Light. — The principal effect of light on transpiration is conditioned by the 
reactions of the stomatal apparatus, which will be discussed below among the 
internal transpiration conditions. Light is, however, also of predominating importance 
among the factors which regulate leaf temperature in relation to atmospheric tem- 
perature, and finally, the effect of light on permeability cannot be neglected. In 
connection with the reduction problem, we may none the less deal briefly with 
these effects, because no general quantitative relationship between light intensity 
and transpiration can be derived from them. Here too, as in the case of temperature, 
our measures must aim at providing homogeneous experimental conditions which 
may serve to eliminate unintended light effects. 


(4) Atmospheric pressure. — The relation between atmospheric pressure and 
evaporation of water from the plane surface of a physical body is expressed in 
Dalton’s formula: 

ver, a 

where V is the rate of evaporation, F the water vapour pressure at the evaporating 
surface, f the vapour pressure in the surrounding atmosphere, P the atmospheric 
pressure in mm Hg, S the area of the surface, and K a constant (cf. Maximov 1929, 
p. 159). This formula is generally assumed to be valid for transpiration phenomena 
also, though an inverse relationship between transpiration rate and atmospheric 
pressure has never been actually proved, the old observations of Sampson and Allen 
(1909, p. 48) being only of a qualitative character (cf. Renner 1910, p. 522). For 
reduction purposes, however, Daltons formuia may safely be used within the com- 
paratively narrow range of pressure variations which need be taken into account 
when observations at extreme altitudes are excluded, since only negligible errors 
can possibly arise in this way (cf. Seybold 1929 b, p. 94). 


(5) Air movement. — The effect of air movements on transpiration is highly 
dependent upon specific properties of the individual plant. Furthermore, slight air 
movements in the immediate vicinity of transpiring leaves can scarcely be deter- 
mined in a quantitative manner. Owing to these circumstances, a mathematical reduc- 


tion to some standard is inconceivable, and here again, uniform experimental condi- 
tions are prescribed. 
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(b) Internal conditions 


There exist a great many internal factors which may condition the transpiration 
of leaves under various circumstances. In the present connection, however, we are 
not concerned with structural characters or more permanent physiological condi- 
tions, but only with factors which normally undergo daily fluctuations in response 
to microclimatic alterations, and which for this reason are apt to cause incalculable 
discrepancies in the course of transpiration experiments, if they are not kept under 
control. The most important among these factors are (1) the aperture of stomata, 
(2) the water deficit of the transpiring tissues, and (3) the permeability of the 
different layers of the leaf which the water molecules have to pass on their way 
to the surface. 

The influence of the permeability factor has only been briefly referred to above 
(p. 70), but the lack of precise evidence precludes a more detailed discussion. 

As to the first factor mentioned, it is wellnigh impossible to make simultaneous 
measurements of stomatal aperture with accuracy, when the rapid-weighing method 
of determining transpiration is employed. When aperture measurements have to be 
abandoned, however, only two stages of stomatal aperture can be recognized with 
reasonable certainty, viz., the stages of maximum and zero apexture. Only trans- 
piration values characteristic of these two stages should therefore be evaluated for 
the purpose of comparison. In practice, this demand need not hamper investigation 
of the problems in question, since in many plants both maximum and zero opening 
of stomata can be induced at will by a comparatively simple pretreatment of the 
plant material. Besides, the regulative effect of stomata on transpiration in different 
species can be adequately characterized only by means of the values corresponding 
to extreme apertures, so that determinations at intermediate opening stages would 
in any case be of minor interest. 

Similarly, both practical and theoretical considerations require that the water 
content of the plant material should be brought up to maximum (zero water deficit) 
at the outset of comparative transpiration experiments of this kind. 

In the first place, if this procedure is not followed, the effects of cutting discussed 
above may produce serious errors. 

Secondly, it must be remembered that the actual water deficit of a cut plant at 
any time can only be determined if the fresh-weight of the object at water saturation 
is known. This means that the water deficit of the object must be brought to zero 
either before or after the transpiration experiment. However, no maximum fresh- 
weight value which might be obtained by appropriate treatment of cut and isolated 
objects after a transpiration experiment of several hours duration could be safely 
regarded as representative of the natural conditions, since irreversible wilting pheno- 
mena might well occur during the experiment. Hence, fresh-weight determinations 
at zero water deficit have to be made previous to the transpiration experiment. 

Thirdly, a more or less pronounced water deficit tends to induce stomatal closing 
(hydroactive reaction», ci. Stalfelt 1929 a), and the elimination of any existent 
water deficit previous to the transpiration measurements must therefore be regarded 
as a necessary part of the pretreatment serving to induce maximum stomatal opening. 
It is true that the observations of Stälfelt (Lc.) seem to indicate that the absolute 
maximum of stcmatal aperture can only be attained at a slight water deficit, because 
the strains and pressure produced at complete saturation of the leaf tissues may 
tend to reduce the aperture of stomata. However, since the optimum value of water 
deficit favouring stomatal opening may not be identical in different plant objects, 
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and cannot easily be determined in advance for each object, this value cannot be 
employed as a standard condition. 

Besides, Stalfelt has shown in other experiments (1932 b) that minor variations 
of aperture in stages of widely open stomata seem to have only small influence on 
the transpiration rate. Even if the complete saturation prescribed here, should tend 
to produce slightly submaximal stomatal apertures, this effect ought therefore not 
to interfere seriously with the validity of the results obtained. 

Finally, it may be inferred from the theory of transpiration decline in excised 
objects, which we are going to discuss in the following chapter (III), that the formula 
employed there to describe the quantitative relationship between water content and 
transpiration rate cannot be expected to hold good in the range of low water con- 
tents. For this reason also, the transpiration experiments ought to be started at the 
stage of complete saturation. 


Outline of experimental procedure 


The precautions in method indicated above, aim at eliminating as far as possible 
the influence of accidental factors in comparative transpiration experiments, in 
order that the possible correlation between individual structure and transpiration 
rate may not be masked by the complex pattern of variable factors which are 
involved in the water balance of plants under natural conditions. It ought to be 
evident from the preceding considerations, that this intention cannot be realized 
in practice with the exactness of a physical experiment. Even taking into account 
the standardization of external conditions alone, truly exact experiments would 
require a constant pressure cabin with automatic temperature and moisture control, 
artificial illumination, etc., equipment which as yet is not available in this country, 
and which certainly could not be taken about on field trips. The term »standard 
condition» must not be too rigidly interpreted if we are to arrive at a simple and 
generally practicable method. It should be born in mind also, that on account of 
the great individual variability which is characteristic of biological phenomena, the 
statistical mean of several approximate values renders better service in most cases 
than a few really exact determinations. 

According to this general view, the following experimental procedure was adopted 
in the present investigation: 


(a) Selection of plants 


The majority of the experiments was performed in a cottage near Haugseter, 
Kvam, in the mountain district south of Rondane in Central Norway (2900 feet 
above sea level). The plant material was taken from the immediate vicinity of the 
cottage, which is situated on the tree-line. In the present paper only measurements 
in Vaccinium myrtillus L. are discussed. The blucberry was chosen as the first 
test object for several reasons: it is a very common plant in the district around 
Haugseter, it occurs in localities of rather different ecological character, and it 
responds to the different conditions of the habitat by marked morphological varia- 
tion. Further, in most localities, a great number of individual plants are available, 
so that relatively homogeneous material can be secured for parallel or subsequent 
experiments. Owing to the small size of the leaves and the relatively slender stems, 
representative samples can be obtained within the weight range of the torsion 
balance employed (500 mg). The transpiration rates which can be observed in such 
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samples are, under ordinary conditions, of an order of magnitude favourable to 
determination by the rapid weighing method. 

It deserves to be mentioned also, that other species of the same genus, but with 
different ecological properties, are available within the same area for comparative 
studies (Vaccinium vitis-idaea and Vaccinium uliginosum). Finally, the blueberry 
plants are practically unaffected by the heavy grazing which takes place during the 
entire summer season in this district. 

For each experiment, healthy looking and habitually homogeneous plants were 
selected, usually among the individuals which seemed to be typical of the locality 
in question, i.e. of medium appearance in every respect. Only in ecologically extreme 
localities, plants close to the outside limits of the morphological variation range 
were picked out, in order that the possible influence of structural differences upon 
transpiration might be fully registered. 


(b) Pretreatment of the plant material 


Different methods of pretreatment were tried, apparently with equally good 
results. In every case, an ample number of plants was selected in the afternoon of 
the day before the experiment. In some cases, the plants were allowed to remain 
rooted over night, after being watered at about 19 o’clock, loosely packed with moist 
Sphagnum around the base, and covered by inverted glass jars, which were kept in 
place by small wooden rods driven into the ground. The plants were shielded 
against direct sunlight in the early hours of the morning by small gauze screens 
placed in front of the jars. 

About 7 o’clock on the following morning the plants were cut at the base with 
a razor, immediately placed with the stems in water in a moist chamber, and trans- 
ported to the cottage which served as a field laboratory. There the material was 
sorted and the stems of the selected objecis cut once more, this time obliquely, under 
water, and several cm’s above the previous cut. 

Usually only sterile shoots were used; and where a few green, hard berries were 
occasionally found, they were removed. The objects were then deposited in moist 
chambers (loosely covered glass jars) with their cut stems in water, and the jars 
placed in a well lighted spot out-of-doors until the start of the experiment, care 
being taken to avoid direct sunlight. 

In later experiments it was found to be more convenient to cut the plants at 
once on the evening preceding the experiment and place them in moist chambers 
over night. The objects were then always cut once more under water in the morning, 
a couple of hours before the start of the experiment. In periods of very cool 
weather, it was found necessary to transfer the plants to the weighing room some 
time before the first weighing, in order that they might assume room temperature 
before the experiment was started. 

In the majority of the experiments, the stem was cut transversely and smeared 
with vaseline just before the first weighing. If necessary, an additional part of the 
stem was cut off in order to bring the weight of the object within the range of the 
balance. The basal part of the object was dried with filter paper, and small water 
droplets which might be attached to the leaves were carefully removed. Finally, 
each object was fitted with a small metal hook for hanging on the balance. The 
additional weight of the hook (10 mg) was compensated by means of the zero 
adjustment of the balance. 
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The handling of each object usually required between one and two minutes, 
depending upon the amount of water to be removed etc. In some of the later experi- 
ments, when a more rapid preparation of several objects was desirable, the vaseline 
treatment was omitted, as it seemed to be without influence on the transpiration rate. 


(c) Weighing 


In the planning of each experiment, two conflicting demands had to be taken 
into consideration. It is evident, that the sooner the weighings can be started after 
the objects have been removed from the moist chamber, and the shorter the intervals 
between subsequent weighings can be made, the more precisely will the course of 
transpiration be recorded. On the other hand, since nothing much can be concluded 
from determinations in a single object because of possible individual deviations, it 
becomes necessary to follow the transpiration of several plants in parallel measure- 
ments, and this means that the intervals between subsequent weighings of the same 
object have to be prolonged accordingly. 

During the first 10—20 min. of an experiment, the interval between subsequent 
weighings ought in some cases not to exceed 2 min. Then, only two objects may be 
employed at a time (see below). However, since the transpiration rate is decreasing 
markedly with increasing water deficit, the weighing interval may gradually be 
extended during the experiment, and thus it becomes possible after a while to start 
a second series of determinations with two fresh objects, while the first series is 
still running. 

In other cases, sufficiently accurate data may be obtained with a weighing interval 
of 3-—5 min. at the outset of the experiment, so that 3—4 plants may be managed 
at a time. Obviously, therefore, the weighing procedure must be varied from case 
to case, according to the special properties of each object and the accuracy demanded. 
A detailed time-table must always be set up beforehand, in order to save time and 
avoid confusion during the experiment. 

Between weighings, the objects were hung side by side on a simple frame by 
means of the small hooks mentioned above. The frame was placed close to the 
balance, together with thermometer and hygrometer. 

The torsion balance employed was of the usual type (Baird and Tatlock), with 
mg scale and mirror, which allowed reedings to be made with an accuracy of about 
+0.2 mg. Occasionally, barely perceptible air movements might cause greater devia- 
tions from the correct value. In the original weight tables (Appendix) the last figure 
of each weight (tenth’s of mg) may thus be a bit doubtful. 

The time was controlled by a second stop-clock. Each weighing required only 
about 20 sec., but with the objects to be shifted, the weight to be put down, and 
temperature and moisture to be controlled, the interval beween subsequent weighings 
in general could not safely be made shorter than 1 min., though in a few cases an 
interval of 45 sec. was used for a brief period at the beginning. 


(d) Standard conditions 


In the present investigation, it was impossible to comply with the demand for 
standard conditions in a strict sense, since the experiments had to be carried out in 
a mountain cottage where no technical equipment for control of the external 
factors was available. In accordance with the statements made above (section a), 
the ideal standards may be defined as follows: 
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Atmospheric pressure: 760 mm Hg. 

Temperature: 20° C. 

Relative humidity: 71.5 °/o. 

Atmospheric vapour pressure deficit=5.0 mm Hg. 
Light: Subdued, indirect daylight. 

Air movements: Not perceptible. 


(The term »standard conditions» has previously been employed by Clapp 1908, 
Meyer 1927 a, and others in a different sense.) 

Variations in atmospheric pressure could, of course, not be controlled in any way, 
but were registered by a simple aneroid barometer and taken into account by means 
of the reduction formula p. 70. 

No measures were taken against small deviations in temperature and humidity 
from the desired standard values, since the influence of such deviations can be 
eliminated by subsequent correction according to the approximate proportionality 
relation stated above (p. 69). Only when more excessive variations were about to 
occur during the course of a single experiment, some attempts were made at con- 
trolling the variation range, e.g. by making a small fire in the stove, by moistening 
floor and ceiling of the room from time to time, etc. 

Temperature and relative moisture were registered by an ordinary mercury ther- 
mometer and a hair hygrometer respectively. The hygrometer was controlled by 
means of an Asmann psychrometer. 

The light factor was easier to control. The room employed was what is called a 
»hems» (i.e. a sort of lowceilinged attic) with a single, small window facing west. 
Only in the afternoon of clear days was the light intensity at the working table 
liable io exceed the proper level, so that the window had to be covered by a cloth. 

In general, door and window of the rocm were kept shut during the experiments, 
and only on very windy days did troublesome air-movements sometimes occur. 
However, the frequent shifting of the objects between balance and frame, and the 
manipulation of the balance, would always bring about a fairly lively turbulence. 


(e) Stomatal aperture 


Direct quantitative measurements of stomatal aperture during the experiments 
were not attempted because of the risk of affecting transpiration. However, the 
general course of aperture changes could be found in parallel objects by means of 
infiltration tests. For this purpose the series of infiltration fluids introduced by 
Dietrich (1925) was employed. Though the results were, in a few cases, somewhat 
inconsistent, indicating the need for still further improvements in the choice of 
fluids, these tests serve well to substantiate in a qualitative way the inferences drawn 


from the transpiration curves. 
Note. In experiments concerned with the effect of humidity and wind on trans- 


piration, the general procedure described above must be properly adjusted to the 
purpose in view. The special methods employed in these cases, will be described in 


subsequent papers. 
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III. Theory of transpiration decline in excised plants 


The object of previous transpiration experiments with excised plants has 
mostly been to obtain instantaneous determinations of transpiration under 
natural conditions. In general, therefore, only a few weighings have been 
made during the first minutes after cutting. The first attempt at analyzing 
the subsequent course of transpiration during the following hours was made 
by Fukuda (1935), using the available experimental data of Schratz (1931 a, 
1932), Pfleiderer (1933) and others. 

The theory outlined by Fukuda has, however, in my opinion not received 
the attention which it deserves. This may be due partly to the somewhat con- 
fusing manner in which the theory was presented in the original paper, 
where rather remotely connected items were thrown together in a discussion 
of Walter’s »hydrature»-conception, a discussion which, moreover, was not 
free from serious misunderstandings, as pointed out by Walter himself (1936). 
It seems to me, however, that Walter in his justified criticism has failed to 
grasp the essential point in Fukuda’s way of thinking, nor has it been clearly 
understood in later literature, as far as I have been able to ascertain. It 
seems, therefore, that a more detailed treatment of the problem at this place 
may be justified. In the following, I shall try to develop the theory, as I 
understand it, independently of the »hydrature»-conception, in a way which 
may allow the underlying presumptions to emerge more clearly than perhaps 
they did in Fukuda’s paper. Further, the practical application of the theory 
to experimental results will be dealt with at some length, and a new method 
of calculation introduced. As I do not think it worth while to state separately 
every point where the exposition given here is at variance with Fukuda’s 
original formulation, I shall confine myself to a general reference to his paper. 

The general idea of Fukuda’s theory has already been indicated above 
(p. 65), but a few supplementary remarks may be required before we enter 
upon mathematical formulations. The fact that the transpiration rate of 
excised objects under constant conditions decreases with time, may be 
supposed to be due primarily to two causes, viz., decreasing water content 
and closing of stomata. If the aperture of stomata remained constant for 
some time during an experiment, and if no other changes interfered with 
transpiration, the decrease in the rate of water loss observed during this 
period ought therefore to be directly related to the decreasing water content 
{increasing water deficit) of the object. Suppose this relation could be quanti- 
tatively expressed by a simple formula, then a deviation from the theoretical 
curve derived from this formula, would indicate a change in stomatal aper- 


ture. Hence, it might be possible to obtain evidence of stomatal movements 
from the transpiration curve. 
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Now, let us consider the course of events which may be expected -to take 
place in a cut plant left to transpire under standard conditions without water 
replenishment. In the first place, every change in stomatal aperture is likely 
to take some time. During a certain brief period subsequent to cutting, there- 
fore, the stomatal opening must be supposed to remain constant. This period 
may be called the stomatal phase. Only the steadily increasing water deficit 
caused by water loss is then responsible for the decrease of transpiration rate, 
which occurs. 

After a while, the water deficit will reach a level which induces stomatal 
closing. The closing phase, which then follows, occupies a certain time, 
during which both factors mentioned above are effective in slowing down 
transpiration. 

When the closing phase is completed, a new period begins, when the 
transpiration decrease is once more determined by the continually rising 
water deficit alone. Since the stomatal component of transpiration is now cut 
off, this third period may be called the cuticular phase. The various com- 
plications which may arise during this phase, will be discussed later. 

It follows from these considerations, that the curve of decline which results 
from transpiration measurements in excised objects, must be composed of at 
least three separate parts, corresponding to the stomatal phase, the closing 
phase, and the cuticular phase respectively. Owing to the gradual transition 
between these phases, the transition points cannot, however, be immediately 
recognized from a study of the curve. 

If the assumptions made above hold good, i.e., if the influence upon trans- 
piration of decreasing water content per se can be expressed by a simple 
formula, a theoretical curve may be derived, which ought to coincide with 
the experimental one during the stomatal phase. At the point where stomatal 
closing begins, a deviation between the two curves must occur, since the 
aperture reduction is not accounted for by our formula. During the entire 
closing phase, transpiration must further be slowed down more rapidly than 
would have been the case by constant stomatal aperture. 

By transition to the cuticular phase, however, a stage of constant aperture 
is again realized (i.e. aperture equal to zero). By appropriate choice of con- 
stants, the formula employed to describe the course of the transpiration 
curve during the stomatal phase, ought therefore to be valid for the part of 
the curve corresponding to the cuticular phase also. 

Thus, we arrive at the conclusion that a mathematical analysis of the 
transpiration curves in question may not only serve to determine the trans- 
piration rate in the moment of cutting, but may furthermore provide us with 


sufficient data for: 
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a) a determination of the time required for stomatal closing, 


b) a quantitative account of transpiration during the stomatal and cuti- 
cular phases by means of specific constants, and 


c) a quantitative characterization of the effectiveness of stomatal closing 
in restricting transpiration. 


As it happens, this analysis is greatly facilitated by the fact that the theo- 
retical curve which may be derived for the relation between transpiration 
and water content can, in a semi-logarithmic presentation, be fairly well 
approximated by a straight line, as will be shown presently. 

In order to simplify the conditions, we shall begin by considering the 
evaporation from the surface of a homogeneous physical object capable of 
imbibing considerable amounts of water. For conveniance, the following 
symbols may be adopted: 


V=volume (in ml) 

S=surface area (in cm?) 

G=mg fresh-weight, and 

g=mg dry-weight of the object 

T=temperature of the surrounding atmosphere (abs.) 

T =temperature of the evaporating surface (abs.) 

p=water vapour pressure in the surrounding atmosphere (in mm Hg) 
P=water vapour pressure at the evaporating surface. 


Further, let the assumptions be made: 


(1) that p=const. during the entire experiment, 
(2) that T=T’=const., 


(3) that the rate of evaporation, d(G-g)/dt, is proportional to the difference 
in water vapour pressure between the surface of the object and the sur- 
rounding atmosphere, i.e.: 


d(G — g)/dt=dG/dt= —a, (P—p), (I) 
where ao denotes a proportionality factor, 


(4) that the water vapour pressure at the evaporating surface is propor- 
tional to the number of water molecules present in the surface layer, i.e. the 
layer from which water molecules may reach the physical surface with suf- 
ficient kinetic energy to overcome the evaporation resistance. The thickness 
of this layer depends mainly upon the relation between temperature, free 
way-length and heat of vapourization. 

If the thickness of the surface layer thus defined be 1, and the concentra- 
tion of water molecules in this layer be C,, we may then write: 
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P=a,-1-S-C,, 
where a, is a proportionality factor. 


(5) We shall further assume that the concentration of water molecules in 
the surface layer (C,) is proportional to the water concentration in the object 
as a whole, i.e.: 


C, =a, - C, 
where a, denotes a proportionality factor, and 
C= (G-g)/V. 


On these assumptions, we arrive at the following equations: 


P — a,a, 1: = (G—8) and 
dG/dt = : 
= — Mad, y G + a,a,a, - ys + aop (IT) 


(6) And finally, we shall assume that the structure of the object is such 
as not to allow any change of form or volume during the experiment, i.e.: 


V=const., and S=const. 


Equation (II) then takes the following form: 


dG/dt=— kG+k,, (I) 
k and k, being constants. By integration it follows that: 
G—=a-e-“+K, (IV) 


where a, k, and K are constants. 


Let the weight of our model object at the start of the experiment (t=0) 
be G,. Then a=G, — K. Under the conditions stated, the weight of the object 


would thus decrease with time according to the equation: 
G=(G, — K)-e“"*+K (V) 


In this equation, the constant K has a positive value. When t> ©, then 
G-K, and K therefore represents the limiting value which the weight of the 
object would tend to assume if equation (V) were valid for the entire desicca- 
tion process. The equation shows, that the logarithm of the difference (G-K) 
would then decrease in proportion to the duration of the experiment. Within 
the range of application of equation (V) it would thus be possible to define 
a transpiration parameter invariable with respect to the decreasing water 
content of the object during the course of the experiment. In some cases, 
viz., at comparatively small values of K and when periods of short duration 
are considered, the relation between G and t might be expressed with suf- 
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ficient accuracy by the approximative equation d(log G)/dt=const. An average 
value of d(log G)/dt for the period in question might then serve to characterize 
the course of the process. 

Equation (V), which in this form is identical with Fukuda’s equation 34 
(l.c., p. 26), cannot, of course, be unconditionally applied to plant transpira- 
tion. The validity of the presumptions upon which this equation is founded 
must first be examined. Because of the special properties of plants as trans- 
piring systems, this equation cannot be discussed in general, but only in con- 
nection with some fairly well defined experimental procedure. The present 
treatment may be confined to cases where the stomatal aperture may be 
supposed to be very close to its maximum value at the outset of any experi- 
ment, and where complete closure occurs during the period of observation. 

The effects of stomatal aperture variations upon transpiration are not taken 
into account in formulating equation (V). Consequently, this equation can 
under no circumstances be applied to the closing phase. On the other hand, 
the stomatal and the cuticular phase correspond so far as constancy of aper- 
ture is concerned, and the following remarks apply therefore to either of 
these phases, when considered separately. 

The problem is, whether equation (V) can be employed for the calculation 
of a transpiration parameter which is invariable with respect to the water 
content of the object, and which attains a certain definite value corresponding 
to each of these two phases. If so, the quotient of the two parameter values 
thus obtained, might be employed to characterize the effectivity of the 
stomatal mechanism as a means of transpiration restriction. 

For obvious reasons, no attempt can be made here at an exact quantitative 
analysis of the transpiring properties of the plant object employed, as com- 
pared with the ideal physical body dealt with above. The different presump- 
lions leading up to equation (V) must be treated qualitatively, and in a 
general way only, with the aim of obtaining a rough estimate of the direction 


and order of magnilude of the various incongruities which are likely to 
occur in praclice. 


(1) The partial pressure of water vapour in the atmosphere surrounding 
the transpiring object is assumed to remain constant during the experiment. 
It is taken for granted, of course, that temperature and barometric pressure 
keep constant, and that no change of relative humidity is induced by external 
(climatic) factors. Even if these conditions cannot be strictly observed when 
no facilities are available for artificial adjustment of the climatic factors, 
the changes which may occur during an experiment of some few hours dura- 
lion, can usually be kept so small, that they may be disregarded here. 

The water vapour given off from the object during transpiration must bring 
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about an increase of relative humidity in the immediate vicinity of the object. 
In consequence, the vapour pressure gradient surface/atmosphere must be 
slightly less steep during intensive transpiration than at small rates. Qualita- 
tively, this effect must cause the transpiration rate to decrease a little less 
rapidly as the water content decreases, than it would if the vapour pressure 
gradient were constant. For this reason, slightly too great values must result 
when the quotient (cuticular transpiration, stomata closed) : (total transpira- 
tion, stomata open) is calculated from independant determinations under 
»constant» external conditions. When the experiments are carried out with 
freely suspended objects in an ordinary room, however, any vapour pressure 
differences are apt to be very rapidly equalized because of the lively tur- 
bulence which always occurs under such conditions. Considering the degree 
of accuracy which we are otherwise able to obtain, the error arising from the 
assumption of a constant water vapour pressure in the atmosphere may there- 
fore in general quite safely be neglected (cf. Gäumann 1942/43, p. 235—236). 

(2) More serious errors may occur if possible temperature differences be- 
tween atmosphere and transpiring surface are disregarded. Transpiration 
conveys heat from the object into the atmosphere, thus necessarily lowering 
the temperature of the object. It is true that the loss of heat can be more or 
less completely compensated by absorption of incident radiation, and by 
liberation of heat energy during metabolism (cf. Seybold 1929 b, chapter II). 
Under the experimental conditions chosen here (subdued daylight, ordinary 
temperature, cf. p. 75), transpiration must, however, be supposed to cause 
a certain cooling effect. As thermoelectric measurements of the leaf tempera- 
ture could not be made, the magnitude of the resulting temperature depres- 
sions can only be estimated from previous work. 

The most conclusive data may be obtained from ihe dark-room measure- 
ments of Gäumann and Jaag (1936). The following table has been compiled 


from their paper: 


transp. 
Species temp. hum. def. (s) (w) depr. 
Quercus ROUE TE ee. ee 19.4 80 3.0 7.4 9.4 — 0.4 
Phyllitis Scolopendrium .......... 20.0 63 6.2 65.9 36.9 — 0.3 
Rhododendron hybridum . ........ 19.9 75 4.0 5.6 1.6 — 0.3 
Prunus Laurocerasus ............ 20.5 75 4.2 13.2 84 — 0.3 


temp.—atmospheric temperature in ° C 

hum.=relative humidity of atmosphere in °/o 

def.=physiological saturation deficit in mm Hg 

transp. (s) transpiration in mg water lost per hour per dm? leaf surface. 

transp. (w) =the same transpiration value recalculated on a fresh-weight basis (mg per 8). 
depr.=observed depression of leaf temperature in 9 € as compared with atmospheric 


temperature (mean of 40 single valves). 
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Since only the cuticular transpiration is involved in these determinations, 
the absolute transpiration rates are rather small. 

In a later paper, however, the same authors state, that in Quercus robur 
(the only species investigated), the temperature difference between leaf and 
atmosphere is of the same order of magnitude even with widely open stomata, 
when the transpiration rate was about three times as great (Gäumann and 
Jaag, 1938, p. 64). In the latter case, the quantity of heat transferred from 
the leaf into the surrounding atmosphere must, of course, be greater than 
at the lower transpiration rate, but this increased loss is obviously com- 
pensated by the more vigorous turbulence which must occur in rapid trans- 
piration, and which effectively prevents more pronounced temperature dif- 
ferences from arising. At any rate, the uniform order of magnitude of the 
observed temperature depressions in different species and at different trans- 
piration rates is very remarkable. 

Under »standard conditions», as defined in the present paper (cf. p. 74), 
a temperature depression of 1° C corresponds to a vapour pressure difference 
of about 1 mm Hg. By reduction of our observations to standard conditions 
(atmospheric saturation deficit 5.0 mm Hg), an error of about 6 °/o would 
thus result from the neglect of a temperature depression of 0.3° C. In order 
to diminish this error, the actually observed values of the atmospheric satura- 
‘ion deficit may be uniformly reduced by 5 °/o, and the resulting figures 
provisionally employed as estimates of the corresponding physiological salu- 
ration deficits. Such a summary calculation procedure is certainly open to 
objection, but, on the whole, it may well give a closer approximation to the 
true value of vapour pressure differences between leaf surface and atmos- 
phere than the uncorrected atmospheric saturation deficit. 

However, where the transpiration rate is much greater during the stomatal 
phase than after closing, it is reasonable to suppose that the cooling effect 
of transpiration must, after all, be greater at the start of the experiment than 
during the cuticular phase. The gradual decrease of water vapour pressure 
at the leaf surface which foilows from the increasing water deficit of the 
plant, may for this reason proceed a little more slowly than would be the 
case if the temperature depression remained constant. When this effect is 
disregarded in reducing the observed transpiration rates to standard condi- 
lions, the calculated quotient between the reduced rates corresponding to the 
cuticular and stomatal phases respectively, must be too great. However, since 
we have no means of making sure whether stomatal aperture at the moment 
of cutting represents the real maximum or not, the calculated quotients must 
at any rate be regarded as maximum values. Moreover, only relatively small 
errors can possibly arise in this way, judging by the figures which Gäumann 
and Jaag (1936) obtained at higher vapour pressure deficits. 
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(3) The rate of transpiration depends upon the steepness of the water 
vapour gradient surface/atmosphere, which is influenced not only by the 
vapour pressure difference between surface and atmosphere, but by air 
movements in the vicinity of the object also. Thus, in strong wind this 
gradient must become steeper than in calm air (cf. Leighley 1937). For this 
reason, Stefan’s law can only be valid when applied to transpiration values 
obtained where conditions are identical with respect to air movements, but 
obviously this demand cannot strictly be complied with in practice. So far 
as the experiments to be dealt with in the present paper are concerned, the 
average conditions of air movement during longer periods may be con- 
sidered to be fairly uniform, even if momentary variations are bound to 
occur. When average transpiration values for adequate observation periods 
are calculated, the effect of air movement variations due to external influence 
ought to be eliminated. (The effect of the transpiration process itself on air 
turbulence may be neglected in this connection.) It would seem, therefore, 
that in this case Stefan’s law may be safely employed for reduction purposes. 


(4) The water vapour pressure at the surface of the transpiring object 
will be proportional to the number of water molecules in the surface layer 
only where the average activity of water molecules in the surface layer 
remains constant for the duration of the experiment. Obviously, this is not 
the case when living plants are under investigation. If the experiment is 
started with the object in a state of water saturation, the equilibria in question 
may be approximately defined by the laws for diluted solutions. To begin 
with, therefore, the water vapour pressure at the surface may be expected 
to decrease roughly in proportion to the decreasing water content of the 
surface layer; but as soon as a more pronounced water deficit develops, other 
factors must exert an increasing influence. 

In the first place, the increasing surface curvature of the receding water 
columns in the submicroscopic capillaries of the cuticula and outer epidermis 
wall must cause a corresponding lowering of vapour pressure at the surface 
(cf. Jellinek 1928, I, p. 578; see also Maximov 1929, p. 159—161 and 201— 
202, on the theory of Sresnevski). 

Further, during the gradual concentration of cell-sap, more and more 
pronounced deviations from the simple laws of diluted solutions must occur, 
as the effect of adsorption and hydration bindings becomes increasingly 
dominant (cf. Crafts, Currier and Stocking 1949). A marked increase in the 
amount of osmotically active substance in the cells may also take piace (cf. 
Walter 1926, p. 76—80). During the later stages of the desiccation process, 
therefore, when a marked water deficit has developed, the relation between 
the vapour pressure at the surface and the number of water molecules in the 
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surface layer must be a complex one, depending to a great extent upon 
individual properties of the object. 

For this reason, any measurements aiming at a quantitative characteriza- 
tion of the influence of stomatal aperture and other morphological factors 
upon the rate of transpiration ought to be made at the lowest possible water 
deficit of the object. Otherwise, quite incompatible figures may result. 

Consideration of this point thus furnishes additional argument for the use 
of water-saturated objects in such experiments (cf. p. 71—72 above). 


(5) The concentration of water molecules in the surface layer was further 
held to be proportional to the water concentration of the entire object, though 
this proposition cannot be unconditionally valid either. The process of trans- 
piration consists of (at least) two separate phenomena, viz., a) the transfer 
of water molecules from the surface layer into the surrounding atmosphere, 
and b) the transfer of water molecules from the interior of the object into 
the surface layer. The assumed proportionality will hold good only if the 
corresponding transfer rates are equilibrated. If, on the other hand, evapora- 
tion proper proceeds at a considerably higher rate than centrifugal diffusion 
within the object, then a rapid desiccation of the surface layer as compared 
with the inner tissues must result. Under such circumstances, the vapour 
pressure at the surface must decrease more rapidly with decreasing water 
content than would be in accordance with our formula. 

The limiting conditions for a surface desiccation of this kind is determined 
by individual properties of the object, e.g. anatomy of the intercellular 
system, water permeability of mesophyll cells, submicroscopic structure of 
epidermis wall and cuticula, etc. Obviously, surface desiccation is most likely 
to occur during periods of intense transpiration; and very striking and 
irregular effects may then be observed, as demonstrated by Gäumann and 
Jaag (1936). 

In order to obtain comparable results, it is advisable, therefore, to arrange 
the experiments in such a way as to secure moderate transpiration intensities. 
Accordingly, the conditions of our experiments have been chosen so as to 
preclude intense transpiration. In spite of this, there are, of course, no 
means of ensuring in advance that surface desiccation effects may not occur, 


after all, in some cases; but then, it cught to be apparent from the course 
of the transpiration curves. 


(6) Finally, we have assumed that the surface and volume of the object 
remain constant during evaporation. Obviously, this cannot hold good in 
transpiration experiments with cut plants. On the contrary, rather extensive 
shrinkage may occur, especially in young mesomorphic and hygromorphic 
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leaves with thin-walled tissues. During shrinkage, the numerical value of the 
quotient S/V, which enters into the presumed constants of our equations (cf. 
equation (II), p. 79), is apt to undergo changes, depending upon the form 
of the object and the manner of shrinking. Even in the simple case of 
homogeneous shrinking, i.e., where there is no variation in geometric form, 
the quotient S/V is of variable magnitude, as emphasized by Schmucker 
(1936) and Bachmann (1937). Obviously, therefore, the process of shrinkage 
cannot be without influence upon transpiration. Since, in our experiments, 
no attempt has been made to register the relative reduction of surface area 
and volume as a result of gradually increasing water deficit, these changes 
cannot be dealt with quantitatively. So far, this point must be regarded as a 
fundamental weakness incident to the method employed, and the possible 
effects of shrinkage must always be kept in mind when the transpiration 
curves are interpreted. 

It appears from the considerations above, that the different presumptions 
upon which the derivation of equation (V) is founded, are only conditionally 
valid for transpiration experiments with cut plants. Even if some of the 
possible sources of error can be partly neutralized by appropriate choice of 
experimental conditions, a rather wide range of uncertainty remains. Full 
agreement between the experimental curve and our theoretical equation is, 
under these circumstances, not to be expected. The decisive issue, however, is 
whether the data are reconcilable to such a degree that significant values of 
the essential transpiration parameters can be calculated from them. This 
question can only be discussed with experimental records at hand. 


In the practical application of equation (V) to experimental data a few points 
concerning the methods of computation require comment. 

The immediate result of any experiment of the type under discussion is a table 
(or curve) which demonstrates the decrease of the fresh-weight of the object with 
time. From this experimental curve we want, by means of equation (V), to calculate 
the transpiration rates which a water saturated object of 1 g fresh-weight and 
ctherwise corresponding structure would show under standard conditions in two 
different stages, viz., with stomata fully open, and with stomata fully closed. These 
theoretically deduced transpiration rates may be denoted by (E.), and (E,),, the 
indices s and c referring to the two states thus defined, and index (), denoting the 


start of the experiment (t=0). 
For the sake of convenience, we may introduce a quantity r, defined by the 


equation: 
; Ga 


d (log G & 
r= — Go. TUE _ k .10ge(G—K)-T (VI) 
The following formulae are then easily obtained: 
E — dG _ l Gi (VID 


ut loge Go 
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air: _ G (Go —K) VIII 
Toes kn ost IE) Ee r ( ) 
E To r G (Go — K) (IX) 


°— Joge loge Go(G—K) 


Now, the experimental data show that the curve log G=f(t) has in most cases 
a very characteristic form. It runs approximately straight during the first 10—20 
minutes after the experiment has been started. Then a more or less conspicuous 
curvature sets in, corresponding to the closing phase, and, finally a second approxi- 
mately linear fragment follows after the closing of stomata. In general, therefore, it is 
possible to obtain two approximately constant values of r from the graph, cor- 
responding to the linear fragments of the curve. The first of these values, r,, defines 
transpiration with stomata open, while the second value, r., is characteristic of the 
cuticular phase. (After several hours, deviations from the linear course of the last 
part of the transpiration curve may occur in some cases, but these deviations need 
not be discussed in the present connection.) 

Since the values r, and r, are valid for different observation periods and thus 
correspond to different stages of water deficit, they are not directly commensurable. 
In order to obtain a relevant comparison, we must reduce both values to the same 
stage of water deficit, e.g. to the initial stage of water saturation. Such a reduction 
can be performed by means of the formula given above. 


The values r, and r, may be considered as average values of Go: A S) for 
the periods in question, corresponding to the average values of G for the same 
periods, which may be denoted by G, and G, respectively. By application of equa- 
tion (IX) we obtain: 

Ts Gs (Go — K) 


(Ehegatten) 
3 __ re Ge (Go — kK) y 
(Ee)o log e : Go (Ge > K) © 
(Ec)o Ge (Gs = K) Te 
se 100% = Ho! 4 
HEIN ENS R ae 


This reduction procedure implies that r would have attained the observed value r, 
by a decrease of fresh-weight from G, to G, even if the stomata had been completely 
closed during the entire process. On the condition that surface desiccation pheno- 
mena do not interfere with the course of the transpiration decline, this seems. a 
reasonable assumption. 

We may now calculate the systematic error, AE, which would result by use of the 
directly determined values E, and E, instead of the reduced values defined by 
equation (X): 

Eo — E Go— G 


— = 100. 


(Ne . x 
100. = (XD 


By analogy, we may derive the systematic error in q made by use of the directly 
N . re . 
determined quotient q=100 ee instead of the reduced value calculated from (X): 


Gs — Ge 


Ag = 1 ee a0 
q 00K Te jo (XII) 
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It is seen from these formulae that the magnitude of the errors depends both on 
the value of K and on the relative magnitude of the differences G, — G, and G, — Gy, 
ie. on the degree of water deficit produced during the observation period. Only 
when both K and the fresh-weight differences involved are small, compared with 
Go, may the unreduced values represent fairly close approximations. In general. 
however, comparisons ought to be based on the reduced values. 

The constant K represents, as mentioned above, the theoretical limiting value for 
the fresh-weight of the object under the conditions of the experiment. For the 
practical determination of K, however, only approximative methods are available. 
It has already been emphasized above, that equation (V) can only be expected to 
hold true during the first stages of water loss. As a marked water deficit develops, 
gradually increasing deviations from the theoretical transpiration curves are bound 
to occur. The critical value of G, by which such deviations become apparent, will 
probably vary within rather wide ranges according to the physiological structure 
of the object, e.g. where there are differences in composition of the cell sap (cf. 
Meyer 1927 b). Thus, in leaves characterized by high water content and low osmotic 
concentration of the cell sap, the laws of diluted solutions on which equation (V) 
has been based, may be approximately valid even with quite a considerable water 
loss. In objects with a high dry-matter percentage and a cell sap rich in osmotically 
active substances and hydrophilic colloids, on the other hand, deviations may arise 
with a relatively slight water deficit. 

In neither case can the limiting value of G which might actually be observed if 
the objects were allowed to remain under constant conditions until air-dry (Gy) be 
expected to coincide with the theoretical value of K. Nevertheless, the weight of the 
object in air-dry condition probably represents the best approximation to K which 
can be obtained by direct measurements. Fairly satisfactory values might possibly 
also result if K were assumed to be equal to the dry-weight proper (g). 

In some cases, it might be possible to calculate an approximate value of K from 
the course of the transpiration curve. Where AE is large in comparison to the 
weighing errors, the curve log G=f(t) must show a marked deviation from the 
linear course which it ought to follow under the assumption K=0. During the 
stomatal phase, a deviation of this kind cannot be distinguished from the deviation 
which is caused by the beginning closing movements of stomata. If, however, a 
conspicuous deviation from the straight line occurs during the cuticular phase, the 
value of K can be derived from the magnitude of this deviation, provided it is not 
the result of surface desiccation. We may then choose two different values of G 
(G, and G,) within the range of the cuticular phase, and find the corresponding 
values of r (r, and r,) by direct measurement of the slope of the tangents which 
may be properly drawn on the graph. According to equation (VI) we obtain: 


r, =k-log ¢- 2° (G,—K) 
1 

ry =k- log e- 22 (G,— K) 
2 


If the quotient r,/r, is denoted by ¢, then 
K = 6 -NDG:% (XIII) 
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The most expedient way of obtaining a satisfactory approximative value of K 
can only be decided by analysis of the experimental results, and we shall have to 
return to this question later. 


The practical calculation procedure indicated by the preceding deductions 
may be summarized as follows: 


(a) The actually obtained weight figures are first reduced to 1000 mg 
initial fresh-weight, and employed to produce the graph log G=f(t). 

(b) The course of the curve log G=f(t) during the stomatal phase and the 
cuticular phase is then characterized by straight lines drawn to fit the points 
by ocular judgement. Values of r, and r, are obtained by direct determination 
of the slope of these lines. 

(c) The duration of the two phases in question is determined from the 
extension of the stretches of coincidence between the actual curve and the two 
straight lines fitted to the points. The average values of G corresponding to 
the two periods thus defined are then determined, and employed for the 
computation of E, and E, by means of equation (VII). 

(d) An approximate value of K is estimated by one of the methods just 
described, and (E,), and (E,), are then computed by means of the formulae 
given above (X). 

(e) The values of (E,), and (E,), thus obtained are further reduced to 
standard conditions. 


(f) Finally, the quotient q, is calculated from the corrected E,-values. 


The principal advantage of this calculation method lies in the clear dis- 
tinction between the values which are directly obtained from the measure- 
ments, and the vaiues subsequently derived by reduction and correction. it 
remains to be demonstrated whether our choice of transpiration parameters 
is well adapted to the purpose, i.e., a quantitative characterization of the most 
significant properties of different plants as transpiring systems. 


IV. Transpiration Measurements ir Vaccinium myrtillus L 


A. Experiments 


The general method employed in the transpiration experiments with blue- 
berry has been described above (p. 72). Only the determination of K requires 
a few supplementery remarks. As stated above, the weights of the objects in 
air-dry conditions can be used as approximative K-values. Unfortunately, 
however, these weights were not directly determined in most cases. At the 
time of the experiments, I had not yet decided whether anatomical studies 
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Table 1. Fresh-weight and dry-weight of 39 blueberry shoots preserved in ethyl alcohol. 
Weights in mg. 


Obj. No. Fresh-w. Dry-w. 0/0 Obj. No. Fresh-w. Dry-w. %/o 
| IGE A CEE 358.8 80.1 22.3 AL ne ee 294.F 53.6 18.2 
RE à 501.0 125.7 25.1 DIE ROUE 369.2 80.4 21.8 
6 RARE CCE 296.0 74.8 25.3 DST TRE 251.0 62.8 25.0 
A: Re 429.7 100.3 23.3 2ER 416.0 93.5 22.5 
AR oat ae 222.8 53.4 24.0 ce 387.0 87.2 22.5 
Ose sees 359.0 98.7 27.5 DE 338.5 89.2 26.4 
TASSE AE 355.0 74.2 20.9 D. ih RS 350.4 81.5 23.3 
Sec arten 412.0 100.1 24.3 to POP ne 2 362.3 89.2 24.6 
Me tres 480.0 108.9 227 DO RES 363.8 92.8 25.5 
10, 3.2: 4.88: 310.0 69.0 22.3 BOP; an See 452.0 122.2 27.0 
1 N este 340.0 73.5 21.6 SICHERER 393.7 111.4 28.3 
12282... 9.08: 345.0 70.2 20.3 184. ER 448.2 123.5 27.6 
1s nes tera 385.0 86.9 22.6 LS: tcl oat 341.5 93.8 27.5 
LAN. Ken 265.0 58.2 22.0 ee 2e 24 298.9 71.4 23.9 
ie 491.0 107.5 21.9 201; 2.20: 334.2 86.8 26.0 
AOL 458.0 113.1 24.7 205°. 22.2: 385.5 101.2 26.3 
1 ER SRE 278.0 58.7 21.1 306. 20 386.1 102.7 26.6 
Lo OPS tere 483.0 98.0 20.3 B09) wk. ote eee 449.3 113.3 25.2 
ON eon 332.8 66.6 20.0 lan: «2. Sehne 396.3 133.2 33.6 
BUN. cet 373.0 76.7 20.6 


Average dry-weight: 24.0 °/o of fresh-weight. 


of the leaf structure were to be included in the investigation program. With 
this possibility in view, the material was preserved in 70 °/o ethyl alcohol, and 
the dry-weight figures which were determined later, are apt to be too small, 
because of the loss of alcohoi-soluble substances. We must resort, therefore, 
to more indirect means of determination. 

The average dry-weight of 39 blueberry shoots, which had been employed 
in the experiments and preserved in alcohol, was found to be 24 °/o of the 
initial fresh-weight (tab. 1). On the other hand, the average dry-weight of 
86 objects not submitted to alcohol treatment, amounts to 35.8 °/o of the 
initial fresh-weight (tab. 2). 

If no systematic difference is supposed to exist between the two groups of 
plants employed for the dry-weight determinations, we may obtain approxi- 
mate values of the dry-weight of the alcohol-preserved specimens by multi- 
plying the figures registered in table 1 with the average factor 1.49. 

In 24 of the objects listed in table 2, both the dry-weight and the weight 
in air-dry condition were determined (obj. No. 555—562 and 579—594). 
Even though the temperature and humidity of the air could not be kept 
strictly at the standard values during drying, no serious errors can arise on 
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Table 2. Fresh-weight and dry-weight of 86 blueberry shoots not treated with alcohol. 
Weights in mg. 


Wy (oyie CN 


Cea aC 


ala es (alate ets .6 


ss. 


© 6:9: sets shale 


ss. 


ss... 


ss... 


ss... 


CC 


ss 


ss... 


CCC 


ately due, ee 


ss... 


ss. 


ss 


ver DO a 


ss 


ss. 


DROHEN 


ss. 


She, Sees! 6) ne 


ss 


ss... 


ss. 


ss... 


ss... 


Fresh-w. Dry-w. 


323.6 
351.8 
395.2 
442.8 
251.1 
369.0 
335.6 
399.8 
297.7 
305.4 
448.6 
297.0 
270.2 
428.7 
290.0 
262.5 
453.7 
332.1 
383.0 
462.7 
334.3 
324.3 
380.5 
430.0 
283.2 
350.0 
285.1 
254.1 
294.8 
379.0 
383.0 
460.0 
421.1 
342.0 
376.9 
309.1 
421.1 
266.0 
281.1 
404.5 
259.7 
459.5 
300.7 


106.7 
128.0 
146.6 
157.7 
88.6 
127.0 
128.5 
147.5 
104.2 
111.9 
173.7 
98.0 
94.0 
170.7 
84.0 
86.7 
163.8 
108.0 
150.0 
162.0 
120.4 
127.7 
88.7 
133.7 
87.7 
106.0 
73.5 
88.2 
78.8 
129.7 
125.0 
158.0 
158.5 
123.6 
133.8 
108.0 
155.1 
84.0 
98.7 
136.6 
89.6 
165.7 
95.7 


9/9 


33.0 
36.4 
37.1 
35.6 
35.3 
34.4 
38.3 
36.9 
35.0 
36.6 
38.7 
33.0 
34.8 
39.8 
29.0 
33.0 
36.1 
32.5 
39.2 
35.0 
36.0 
39.4 
23.3 
31.1 
31.0 
30.3 
25.8 
34.7 
26.7 
34.2 
32.6 
34.3 
37.6 
36.1 
35.5 
34.9 
36.8 
31.6 
35.1 
33.8 
34.5 
36.1 
31.8 


Average dry-weight 


|  Obj.No. 


74 . 


75 


76 . 
deln 
78 . 
79. 


80 
81 
82 
83 
84 


86 
87 


85 . 


88 . 
897. 


SUCER 


site es 


Fresh-w. 


264.7 
292.7 
450.0 
397.4 
342.3 
367.2 
456.0 
320.0 
360.3 
416.1 
428.0 
253.8 
434.4 
432.0 
471.0 
431.2 
425.4 
353.0 
236.1 
398.4 
454.7 
348.0 
356.0 
456.0 
448.0 
459.6 
410.2 
441.9 
279.3 
399.3 
412.7 
453.9 
424.4 
311.0 
364.2 
373.5 
485.2 
336.2 
369.5 
452.7 
337.9 
451.6 
461.4 


: 35.8 ‘/o of- fresh-weight. 


Dry-w. 


90.3 

94.7 
168.6 
151.0 
127.2 
146.2 
174.0 
235.4 
142.1 
135.4 
133.7 

93.1 
157.5 
148.2 
178.4 
157.2 
158.5 
132.0 

77.0 
156.5 
175.0 
134.5 
133.2 
180.0 
170.9 
184.0 
150.0 
139.3 
101.2 
165.9 
189.8 
148.4 
168.2 
127.7 
151.8 
121.2 
187.6 
135.5 
148.4 
133.5 
131.7 
185.7 
192.0 


9/9 


34.1 
32.4 
37.5 
38.0 
37.2 
39.8 
38.2 
39.2 
39.4 
32.5 
31.2 
36.7 
36.3 
34.3 
37.9 
36.5 
37.3 
37.4 
32.6 
39.3 
38.5 
38.6 
37.4 
39.5 
38.1 
40.0 
36.6 
31.5 
36.2 
41.5 
46.0 
32.7 
39.6 
41.1 
41.7 
32.4 
38.7 
40.3 
40.2 
29.5 
39.0 
41.1 
41.6 
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Table 3. Weight of 24 blueberry shoots in air-dry condition. Weights in mg. Cf. tab. 2. 


Obj. No. Weight % Obj. No. Weight % || Obj. No. Weight % 
Be 1743 43.8 by ce ee 156.6 35.4 BST Pac 135.8 36.4 
Ct eee 194.5 42.8 580 1... 1140 40.8 BER... 213.0 43.9 
BEI. 150.4 43.2 BB... 188.3 47.2 CURE 153.5 45.7 
TOR 133.2 374 GS SEE 2040 49.4 oe, ae 168.8 45.7 
Bug. 200.1 43.9 ER 168.2 371 BL 149.2 33.0 
PSE 188.3 42.0 (ER QU 190.3 44.8 EE 1489 44.1 
BG ita, che 204.0 44.4 58%. 145.5 46.8 BOB 210.2 46.5 
BG tak: 166.0 40.5 N 171.8 47.2 50442. 216.8 47.0 


Average weight in air-dry condition: 43.1 °/o of fresh-weight. 


this account, since the weight variations occurring in air-dried material with 
moderate changes of atmospheric saturation deficit are practically negligible. 

The average dry-weight of these 24 objects is 38.4 °/o of the initial fresh- 
weight, and thus somewhat higher than the average of the total number of 
samples included in tab. 2. Presumably, this is due to the fact that a com- 
paratively large part of the objects in question was taken from dry localities. 
The average weight of the same objects in air-dry condition is found to be 
43.1 °/o of the initial fresh-weight (tab. 3). 

In the case of the objects included in tab. 3, approximate values of the 
weight in air-dry condition can thus be obtained when the dry-weights are 
multiplied by the average factor 1.12. If this result is generalized and com- 
bined with the average values obtained in tab. 1 and 2, the factor which must 
be employed in calculating approximative values of the weight of the air-dry 
objects from the dry-weight of alcohol-preserved material is found to be 
1.67 on an average. 

In experiments where no dry-weight determinations were made, an approxi- 
mate value of K can be derived from the initial fresh-weight of the object, 
which after recalculation of the original figures is equal to 1000 mg. In this 
case, the value K=400 may be employed (35.8 X1.12—40 %o). 

Though the K-values estimated in either of these ways may seem rather 
uncertain, they may nevertheless prove to be sufficiently accurate for our 
purpose, since K enters into the reduction formula in such a manner that 
moderate variations of K have only small influence on the magnitude of the 


resulting transpiration values. 


Exp. No. 1. Obj, No. 1—8. 
Three shoots of blueberry were employed for the first experiment, which, 
in contrast to the subsequent ones, was performed outdoors, on the porch of 
the cottage. The balance was shielded against direct sunlight. The wind 
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Wind Velocity 


Rel. hum. 


Fig 1. Atmospheric conditions 
during exp. No. 1. 

a): Wind velocity (m/sek), rela- 
tive humidity (°/o), and tempera- 
ture (°C). 

b): Vapour pressure deficit (mm, 
upper scale), and evaporation 
rate measured by 4X1 cm blott- 
ing paper strips (mg/g water 
content/min., lower scale). 
Abscissa: Time of the day. 


velocity was determined with a scale anemometer placed on a bench beside 
the balance, slightly more exposed to the wind than the plants themselves. 
The wind velocities registered are, therefore, somewhat in excess of the 
actual air movements at the frame where the plants were hung. 
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Fig. 2. Ordinate: Logarithm of fresh-weights, reduced to 1000 mg initial weight. 
Abscissa: Time of the day. 


£vaporimetric determinations were made during the experiments by means 
cf small strips of green blotiing paper, moistened in distilled water. 

In order to obtain exact readings of the balance, the objects were shielded 
from wind during weighing by means of a small glass jar. 

The course of the meteorological factors during the experiment is shown 
in the curves of fig. 1 a—b, while fig. 2 shows the semi-logarithmic trans- 
piration decline curves, calculated after reduction of the original weight 
figures to 1 g initial fresh-weight. 

The general course of the transpiration curves is in fairly close agreement 
with the theory discussed above (Chapter III), though some scattering of the 
points occurs, presumably because of microclimatic variations. The most 
conspicuous irregularity occurs in the first curve (object 1), between 12.30 
and 13.10, when the transpiration rate is markedly depressed as compared 
with the previous and following period. It is seen from fig. 1 b, that a very 
pronounced minimum of vapour pressure deficit occurs between 12.20 and 
12.50, while an equally distinct minimum of wind velocity is registered from 
12.30 to 13.05 (fig. 1 a). These factors may be assumed to account for the 
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deviation mentioned. A similar deviation can be traced at the same time in 
the transpiration curve for object No. 2 also. Otherwise, fluctuations of the 
microclimatic factors have not seriously interfered with the regular course 
of the transpiration curves. 

In accordance with theoretical expectation, each of these curves can be 
subdivided into three fragments, presumably corresponding to the stomatal 
phase, the closing phase and the cuticular phase respectively, whereby the 
first and third fragments of each curve represent approximately straight 


lines: 
Table 4. Obj. No. 1—3: Limitation of phases. 


EEE 


Obj. No. Stomatal phase Closing phase Cuticular phase 
Leos Pike rer 10.05—10.30 10.30—13.30 13.30—15.30 
QF ee onc ad 11.45—12.00 12.00—13.20 13.20—15.50 
Ss hae ee Senay en 13.36—14.00 14.00—15.04 15.04—16.00 


Owing to the relative uncertainty of the exact course of the curves, caused 
by the scattering of the points, the limits of each phase must be regarded as 
approximate only. 

The designation of the phases thus defined as the stomatal phase, the 
closing phase, and the cuticular phase, may seem rather doubtful in view 
of the fact that no direct quantitative registration of stomatal aperture has 
been made. However, the general progress of stomatal closing was followed 
in a qualitative manner by means of infiltration tests in parallel objects so 
many times, that the essential correctness of the designations chosen is very 
strongly indicated. 

Let h, and h, denote the mean time values for the different phases in the 
limitation indicated above. Then the corresponding values of log G (log G, 
and log G,) can be read directly from the curves: 


Table 5. Obj. No. 1—3. Medium coordinates corresponding to the recti- 
linear fragments of the transpiration curves. 


Obj. No. hs log Gs Gs he log Ge Ge 
LR AMAR CE 10.17.30 2.9778 950.2 14.30 2.9038 801.3 
Ne Ren aed 11.52.30 2.9853 966.7 14.35 2.9381 867.2 
BR RER SERN: 13.48 2.9790 952.8 15.32 2.9286 848.4 


Further, the values of r, and r, can be calculated from the slope of the 
rectilinear curve-fragments corresponding to the stomatal and cuticular 
phases, according to the formula p. 85, where G,=1000. The corresponding 
transpiration rates, which may be denoted by the symbols Ej and! Ey are 
obtained from the values of r, and r, in dividing by log e: 
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Table 6. Obj. No. 1—3. Calculation of average trans- 
piration rates for the stomatal and cuticular phases. 
eee eee 


Obj. No. Ts Es‘ Te Ze! 
ites a eee? 1.677 3.861 0.09671 0.2226 
PA Bae ee ae 1.896 4.366 0.09335 0.2149 
Dee 1.659 3.820 0.09696 0.2233 


The reduction of these values to the initial stage (Es, and E.,), must be 
based upon an estimation of K (cf. p. 87). In the present case, only dry- 
weight determinations of alcohol-preserved material were made. Approxi- 
mative K-values are derived from these figures by multiplying by the factor 
1.67 and subsequent reduction to 1000 mg initial fresh-weight. 

Further calculations are then carried out according to the formulae given 
in chapter III (p. 86). Reduction to standard conditions (5 mm physiological 
saturation deficit, 760 mm barometric pressure) is done on the assumption 
of a simple proportionality between transpiration rate and physiological 
saturation deficit within the range in question, and on the assumption of an 
inverse proportionality between transpiration rate and barometric pressure 
(cf. chapter II, p. 70). Average values of the atmospheric saturation deficit 
corresponding to the different transpiration phases can be obtained from 
ihe curves in fig. 1 a—b, and uniformly reduced by 5 °/o to give estimate 
values of the physiological saturation deficit. The necessary data are given 
in the following table: 


Table 7. Obj. No. 1--3. Data employed by reduction of the cal- 
culated transpiration rates to standard conditions. 


Atm. sat. deficit, mm 


Obj. No. Dry-weight, mg K, mg Stom. phase Cut. phase 
Vera. 80.1 373 2.71 3.09 
Dee least 125.7 419 3.59 3.00 
S) ah 74.8 422 3.00 2.60 


The values of E obtained by the three steps of the reduction procedure, 
viz., (a) reduction io 1000 mg fresh-weight, (b) reduction to 5 mm physio- 
logical saturation deficit, and (c) reduction to 760 mm barometric pressure, 
are listed below: 


Table 8. Obj. No. 1—3. Reduced values of transpiration parameters. 


Obj. No. Es, Red. Red. Ee, Red. Red. Go 

5 mm 760 mm 5 mm 760 mm 
er ses 3.99 7.8 6.9 0.261 0.44 0.39 51 
DCR TE 4.48 6.6 5.8 0.242 0.42 0.38 6.5 
Bars mann 3.96 7.0 6.1 0.257 0.52 0.46 ARD 


Average 6.3 0.41 6.6 
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The transpiration rates are here registered in mg/g/min, and the quotient q, 
in percentage. In calculating the average values, one decimal more than those 
put down in the table has been taken into account. Discussion of the resulting 
figures must be postponed until the entire material has been presented. We 
may note the good mutual agreement between the three individual specimens. 


Exp. No. 2. Obj. No. 4—6. 


This experiment was a replica of the first one, with the exception that the 
measurements this time were taken indoors. In these conditions, the rapid 
variations of temperature and relative humidity which occured during the 
first experiment, were eliminated, and the vapour pressure deficit could be 
kept nearly constant (4.6 mm—5.4 mm), as shown in fig. 3. The variations 
of the evaporation rate, as measured by blotting paper strips, scarcely exceed 
the experimental error. 

Owing to these more uniform conditions, the scattering of the points of the 
transpiration curves is considerably reduced, and the exact course of the 
curves can be more accurately determined. It is seen from fig. 3, that the 
three curves are very uniform. The rectilinear course of the curves at the 
start and towards the end of the experiment stands out clearly. 
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Fig. 3. Obj. No. 4—6: Logarithm 
DE of reduced fresh-weights. Lower 
curves: Atmospheric vapour 


—_ N 8 pressure deficit (mm) and eva- 
FE Ni 


4 poration rate (mg/g water con- 
: 2 tent/min.). Abscissa: Time of 
ee I the day. 
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The subdivision of the curves can be made as follows: 


Table 9. Obj. No. 4—6: Limitation of phases. 


Obj. No. Stomatal phase Closing phase Cuticular phase 
A ehe nen ae 10.41.30—10.56.30 10.56.30—11.44 11.44—13.10 
BUS oh 11.15.30—11.26 11.26 —12.15 12.15—13.20 
Gig ee 11.34 —11.49 11.49 —12.10 12.10—13.15 


After determination of the mean time values for the stomatal and the cuti- 
cular phases, the corresponding values of log G are read from the curves: 


Table 10. Obj. No. 4—6: Medium coordinates corresponding to the recti- 
linear fragments of the transpiration curves. 


Obj. No. hs log Gs Gs he log Ge Ge 
NEE 10.49 2.9855 967.1 12.27 2.9413 873.5 
Dear 11.20.45 2.9881 973.0 12.47.30 2.9471 885.4 
CH cree 11.41.30 2.9855 967.2 12.42.30 2.9585 908.9 


Direct measurements of the slope of the rectilinear fragments of the curves 
furnish data for the calculation of r,, r,, EX and EE The values of K are 
estimated from the dry-weights of the alcohol-preserved material in the same 
manner as described for exp. No. 1. Average values of the atmospheric vapour 
pressure deficit are obtained from the vapour pressure deficit curve of fig. 3: 


Table 11. Obj. No. 4—-6. Data employed in reduction to standard 


conditions. 
Obj. No. Es’ Def. (s) Ec’ Def. (c) K 
be | SRE ER 4.279 4.85 0.3712 5.35 390 
STAN NS nee 5.121 5.10 0.3185 5.40 400 
CIR heen 3.728 5.10 0.2878 5.40 459 


We have now the necessary data for the reduction calculations (the baro- 
ınetric pressure values can be found in the original tables). The resulting 
values of E and q are registered in the following table: 


Table 12. Obj. No. 4—6. Reduced values of transpiration parameters. 


£ Red. Red. - Red. Red. 

Obj. No. Es, 5 mm 760 mm Ec, 5 mm 760 mm as 
ine 4.39 4.8 4.2 0.409 0.40 0.36 8.5 
ORTE 522 hd = 4.8 0.349 0.34 0.30 6.3 
(Pc Gi cs 3.84 4.0 3.5 0.315 0.31 0.27 7.8 
Average 4.2 0.31 7.5 
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Exp. No. 3. Obj. No. 7—11. 


A comparison of the three curves of fig. 3 indicates a correlation between 
the hour of the first measurement and the closing of stomata. It seems that 
the later in the day the experiment is started, the sooner does the closing of 
stomata occur. In order to test this possibiliy, five more shoots of blueberry 
from the same locality were employed in the present experiment. The resulting 
curves are shown in fig. 4. 

While the vapour pressure deficit of the atmosphere shows a slow and 
gradual increase, the evaporation values vary irregularly within a wide range. 
Such rapid variations are not apparent in the course of the transpiration 
curves, which agree well with those of the preceding experiment. The ten- 
dency of stomata to close more quickly in experiments begun later in the 
day is confirmed. 
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Fig. 4. Obj. wo. 7—11: Logarithm of reduced fresh-weights. Lower curves: Atmospheric 
vapour pressure deficit (mm) and evaporation rate (mg/g water content/min.) Abscissa: 
Time of the day. 


STUDIES IN PLANT TRANSPIRATION I 99 


The calculation of the transpiration parameters can be based on the fol- 
lowing subdivision of the curves: 


Table 13. Obj. No. 7—11. Limitation of phases. 
= ES EE EE ee ees ee 


Obj. No. Stom. ph. Clos. ph. Cut.ph. 
Tg ES Sh MEET 10.02.30 — 10.27.30 — 11.25 — 12.55 
SMe ees are tage 11.05 — 11.22 — 12.11 — 13.50 
CEE RCA ARR 11.45.30 — 12.04 — 13.10 — 14.10 
En ian 12.29.30 — 12.46 — 1345 — 14.35 
1) I Sol SS ae age 13.17.30 —- 13.32 — 14.21 -—- 15.00 


From this limitation of the phases, the following values of G, and G, are 
obtained: 


Table 14. Obj. No. 7—11. Mean coordinates of rectilinear fragments of the 
transpiration curves. 


Obj. No. hs log Gs Gs he log Ge Ge 


MMR Ne salt tie 10.15 2.9733 940.4 12.10 2.8904 777.0 
Sols Es 11.13.30 2.9827 960.9 13.00.30 2.9227 837.0 
DEE MR AS ts 11.54.45 2.9822 959.8 13.40 2.9285 848.2 
NO Ric eee 12.37.45 2.9861 968.5 14.10 2.9399 870.8 
LE rer 13.24.45 2.9855 967.2 14.40.30 2.9373 865.6 


The subsequent calculations are made in conformity with the treatment 
of the preceding experiment, whereby the dry-weight of alcohol-treated 
material is employed for the determination of K. The resulting values are 
registered in table 15 and 16 below: 


Table 15. Obj. No. 7—11. Data employed by reduction of the 
transpiration parameters. 


Obj. No. Es’ Def. (s) Ec’ Def. (c) K 


SE SOOT O Ce 4,727 5.65 0.4522 6.25 349 
Sr: 4.543 6.00 0.4819 6.55 406 
ee re 4.271 6.22 0.3072 7.05 379 
A Ae hone 3.997 6.30 0.4011 7.35 372 
Kl ISCH: 4.796 6.85 0.4529 7.68 361 


Table 16. Obj. No. 7—11. Reduced values of transpiration parameters. 
ee mm > 


Red. Red. Red. Red. 
Obj. No. Es, 5 mm 760 mm Ec, 5 mm 760 mm qo 
DE eg 4.89 4.5 4.0 0.534 0.45 0.40 99 
Sem 4.67 4.1 3.6 0.556 0.45 0.40 10.9 
DAME ESS 4.38 3.7 3.3 0.345 0.26 0.23 6.9 
Vans 4.08 3.4 3.0 0.440 0.32 0.28 9.3 
lc 4.89 3.8 3.4 0.496 0.34 0.30 8.9 


Average 3.5 0.32 9.2 
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Exp. No. 2—3 


Fig. 5. Explanation in the text. Ordinate: 1000 —G,,. 
Abscissa: Starting hour of weighings. Number of objects 
indicated on the figure. 


The correlation suggested above between the time required for stomatal 
closing and the starting hour of the experiment can be demonstrated in 
different ways. We may appropriately calculate here the difference (1000 — 
G,,), where 

log Gm = 1/2 (log G, + log G.) 


The resulting values of G,, are given in the following table. 


Table 17. Obj. No. 4—11. Calculated values of G,.- 


Obj. Nove... 4 5 6 7 8 Go| Ie as 
Ge eS Be 919.2 928.1 937.6 854.9 896.8 902.4 9183 915.0 


In fig. 5. the correlation between the magnitude of (1000—G,,) and the 
time at which the experiments were started is shown graphically. In plotting 
the curves, the possible influence of differences of vapour pressure deficit on 
the reactions of stomata has not been taken into consideration. As the material 
is not sufficient to allow definite conclusions, we must return to this question 
later. 


Exp. No. 4. Obj. No. 12—20. 


In the preceding experiments, the course of transpiration was followed 
only for 1—2 hours after the stomata had closed. The present experiment 
was intended to give more information about the subsequent course of the 
transpiration curves during the cuticular phase. Unfortunately, however, a 
considerable rise of temperature and atmospheric vapour pressure deficit 
took place during the experiment, especially from 15.30 on, when the window 
of the room was exposed to the afternoon sun (cf. the vapour pressure 
deficit curve of fig. 7). Owing to this circumstance, both the interpretation 
of the curves and the calculation of transpiration parameters meet with 
certain difficulties, as will be discussed later. 

For this experiment, nine habitually homogeneous blueberry shoots were 
employed, six of which were prepared for weighing in the morning, while 
the remaining three were prepared about noon. The resulting curves are 
shown in fig.’s 6 and 7. In obj. No. 12—17, only the first part of the curves 
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Fig. 6. Obj. No. 12—17: Logarithm of reduced fresh-weight. Lower curve (continued in 
upper right corner): Vapour pressure deficit of the atmosphere (mm). Abscissa: Time of 
the day. 


Exp. No. 4 


Fig. 7. Obj. No. 18—20: Logarithm of reduced fresh-weight. Lower curve: Atmospheric 
vapour pressure deficit (mm). Abscissa: Time of the day. 
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is shown. The subsequent course of the curves is in these six objects as 
exactly linear as it could possibly be, when the weighing errors are taken 
into account. The agreement is shown in table 18, p. 102, where the experi- 
mentally obtained values are registered together with corresponding values cal- 
culated from the slope of a straight line drawn by hand on the graph, and 
passing through the points indicated in the table headings. (Only the man- 
tissa of the logarithms are listed.) 

During the same period, a considerable increase of the atmospheric vapour 
pressure deficit has occurred. By reduction to standard conditions according 
to the method adopted above, the resulting values of E, and q, therefore 
will depend upon the limitation of the period chosen for calculation of E, and 
G,. As an example of the magnitude of the deviations which may occur in 
this way, the rectilinear part of the transpiration curve of obj. No. 12 may 
be divided into seven parts, each corresponding to one hour’s duration and 
serving as a base for calculation of separate values of E, and q,. The prin- 
cipal steps of the calculation procedure are registered in the following table: 


Table 19. Obj. No. 12. Control of calculation procedure. 


Period limits 11.20 — 12.20 — 13.20 — 14.20 — 15.20 — 16.20 — 17.20 — 18.20 
eS eee 1 5002125009070. 13.50, 14500 1550. 16.50 5 17.00 
NAS 2.9286 2.9175 2.9064 28953 28841 2.8729 2.8616 
Co eS 848.9 827.0 806.1 785.8 765.8 7463 726.2 
REN). 0.363. 7.0.3549 90.345 70.3367 10328" |" 0.319419 0.311 
ago . 0.400 0397 0.394 0391 0.389 0.387  - 0.386 
Bears: sett. actes 6.72 6.98 7.30 7.75 8.45 9.25 8.72 

De ide: an ae 0.28 0.26 0.25 0.24 0.21 0.19 0.21 
Re Lee 8.8 8.4 8.0 7.5 6.8 6.2 6.5 


It is evident from the figures above, as from the curves, that the rise of 
the atmospheric vapour pressure deficit in the present case is not accom- 
panied by a corresponding increase of the cuticular transpiration rate. 
Obviously, therefore, a reduction presupposing an approximate propor- 
tionality between vapour pressure deficit and transpiration rate must lead to 
erroneous results. In the case of obj. No. 12, the values of E, and q, in the last 
column are about 30 °/o lower than the corresponding figures of the first column. 
Similar results may be derived from the other curves also (obj. No. 13—17). 

The possible cause of this deviation from the assumed proportionality will 
be discussed later (cf. p. 156). At any rate, the transpiration values which 
may be obtained during the first part of the cuticular phase, immediately 
following the closing phase, would seem to furnish the most adequate data 
for reduction and comparison with the data corresponding to the stomatal 
phase. The following calculations will, therefore, be based upon the course of 
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Table 20. Obj. No. 12—20. Limitation of phases. 


BE EEE EEE ee né nenn Be ee, 
Obj. No. Stom. ph. Clos. ph. Cut.ph. (1) Cut. ph. (2) 
Be ee ee I En TE ee 
ee 10.02 — 10.21.30 — 11.20 — 12.20 
13 re res 10.08 — 10.13 — 11.25 — 12.25 
APR ML RE 10.15 — 10.3830 — 11.32 — 12.32 
ee Pre 10.20 — 10.38 — 11.22 — 12.22 
VO ote 10.30.30 -— 10.47.30 — 11.22 — 12.22 
10.42.10 — 10.58 — 12.32 — 13.32 
jf ie, ch 12.50 — 13.04 — 1430 — 15.30 16.00 — 17.00 
Te eee area 13.38.45 — 13.58.15 — 15.02 — 16.02 16.30 — 17.30 
DEREN 14.11 — 1434.30 — 15.30 — 16.30 17.00 — 18.00 


the transpiration curves during the first hour of the cuticular phase. Provi- 
sionally, the reduction to standard conditions must still be made by means 
of the proportionality rules hitherto employed. 

When we turn to the remaining three objects, No. 18—20, cf. fig. 7, we 
meet with the same difficulties in obtaining a reliable base for the calcula- 
lions. The bending of the curves during the closing phase proceeds in these 
three curves more slowly than in the preceding ones. For this reason, the 
transition points between the different phases cannot be fixed with the same 
accuracy. In particular, the transition from the closing phase to the cuticular 
phase is rather vague. 

The steep rise of vapour pressure deficit previously discussed, occurs during 
the early stages of the cuticular phase in these objects, and is accompanied 
by a definite decrease of transpiration rate. This can be seen from the curves 
of fig. 7, which show a slight bend upwards during the period of the tem- 
perature rise. A quantitative expression of this effect can be obtained from 
the slope of the lines of approximation which can be drawn through the 


Table 21. Obj. No. 12—20, Data employed by the reduction to standard. 


Obj. No. Gs Es’ Det. (s) Ge Ec’ Def. (c) 
ER 958.5 4.159 6.27 848.9 0.3634 6.72 
LOS reset 990.4 3.878 6.25 881.9 0.5423 6.75 
le ee RE 945.1 4.515 6.33 826.8 0.4760 6.82 
WOM NER 962.3 4.119 6.35 867.0 0.3728 6.70 
LORS 974.3 2.975 6.40 907.2 0.2871 6.70 
LAS dures 971.4 2.970 6.43 861.5 0.3463 6.98 
OS ren 973.4 3.762 6.92 855.9 0.3758 ek) 
LS PIRE red 832.8 0.3583 9.30 
en rene 955.7 4.458 7.27 824.5 0.4756 8.00 
LIND) Re ne 02 788.0 0.3539 8.65 
PAT ÉSOREC 959.8 4.230 7.70 822.2 0.6974 8.70 


Brun. 767.4 0.5301 8.82 
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Table 22. Obj. No. 12—20. Reduced values of transpiration parameters. 


Obj. No. K Es, Es Ec, (1) Ee, (2) Ec go 
1200 340 4.25 3.2 0.400 0.28 8.8 
139 ik. 377 3.90 2.9 0.590 0.41 14.0 
LL SE 367 4.67 3.4 0.542 0.37 10.8 
V5) rents 366 4.22 3.1 0.409 0.28 9.2 
IG eect 412 3.03 2.2 0.309 0.21 9.7 
| ee 353 3.01 2.2 0.377 0.25 11.5 
SET: 339 3.82 2.6 0.411 0.395 0.25 9.6 
1er 334 4.56 2.9 0.532 0.409 0.31 10.6 
POELE 343 4.33 2.6 0.786 0.630 0.42 16.1 
Average: 2.8 0.31 11.1 


points of the curve on each side of this period. In table 21—22 above, the 
corresponding figures are indicated by (1) and (2) respectively. Only the 
values obtained from the first fragment of the curves subsequent to the 
closing phase are employed for comparison with transpiration during the 
stomatal phase. 

Since the calculations follow the same course as before, the figures may 
be presented without comment. (In subsequent tables, the values of the trans- 
piration rates, reduced to standard conditions, are denoted by the symbols 
E, and E..) 

Exp. No. 5. Obj. No. 21—30, 


While the material for the preceding experiments (Obj. No. 1—20) was 
obtained from a single locality, samples of habitually different populations 
from three different localities were employed in the present case. Obj. No. 21, 
24 and 27 (group A) were taken from a sheltered hollow at the base of a 
big pine trunk. The plants from this locality were marked by large and 
comparatively supple leaves. Thus, obj. No. 21 of an initial fresh-weight of 
307.3 mg had only 7 leaves, and obj. No. 24 of 429.0 mg initial fresh-weight 
had 13 leaves. The third object in this group, No. 27, with 22 leaves and 363.4 
mg fresh-weight, showed closer habitual resemblance to the next three plants, 
No. 22, 25 and 28 (group B), which were taken from a more »normal» 
locality and were of medium appearance with respect to leaf morphology. 
Leaf number and initial fresh-weight of these objects were respectively: 16 
and 382.2 mg, 20 and 400.0 mg, 19 and 375.3 mg. The third group of plants 
(C) were small-leaved individuals from a dry and stony hill. Obj. No. 23 
had 31 leaves and an initial fresh-weight of only 264.0 mg, and the cor- 
responding figures for the remaining three objects were: Obj. No. 26: 
31 leaves, 351.5 mg, No. 29: 34 leaves, 276.8 mg, No. 30: 27 leaves, 465.0 mg. 
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Fig. 8 Obj. No. 21—23: Logarithm of reduced fresh-weights. Lower curve: Atmospheric 
vapour pressure deficit (mm). Abscissa: Time of the day. 
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Fig. 9. Obj. No. 24—26: Logarithm of reduced fresh-weights. Lower curve: Atmospheric 
vapour pressure deficit (mm). Abscissa: Time of the day. 
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Fig. 10. Obj. No. 27—30: Logarithm of reduced fresh-weights. Lower curve: Atmospheric 
vapour pressure deficit (mm). Abscissa: Time of the day. 


(Obj. No. 30 was not included in the original plan of the experiment, but 
was added as a duplicate of obj. No. 29). 

The resulling transpiration curves are shown in fig. 8—10. In these figures, 
the curves to the left are derived from the sheltered plants and the curves 
to the right from the xeromorphic objects, while the curves in the middle 
refer to the three intermediate plants. In the case of fig. 10, two xeromorphic 
objects are included, viz., No. 29 and 30. (The curve of obj. No. 30 has been 
drawn to the right of the actual course in order to avoid confusion, the 
distance of the displacement corresponding to 1 hour on the axis of abscissas.) 

Here again, a considerable rise of vapour pressure deficit occurs during 
the course of the experiment, causing deviations of the curves during the 
cuticular phase. As in the preceding experiment, the calculations will be 
based upon data obtained from the first hour of the cuticular phase, though 
the adjoining points are also taken into account in drawing the curves. In 
tig. 8—10, the straight lines which represent the course of the curves during 
the indicated period of the cuticular phase are drawn, and the magnitude 
of the deviations from these lines can be judged by the position of the sub- 
sequent points. Though the deviations are comparatively small, attention 
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Table 23. Group A: Obj. No. 21, 24 and 27. 


(1) Limitation of phases. 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
DIRES PR 10.02 — 10.22 — 11.55 — 12.55 
DAN er cer 11.32 — 1154 — 14.25 — 15.25 
DIR er rer 13.02 — 13.18 — 15.30 — 16.30 


(2) Characterization of rectilinear fragments of the transpiration curves. 


Obj. No. Gs Es’ Def. (s) Ge Ee' Def. (c) 
De ete ce 964.3 3.330 5.13 783.4 0.8259 5.71 
Lac, sree 957.9 3.709 5.50 703.4 0.7172 6.72 
Dileep ee one 956.8 5.199 6.06 755.4 0.4119 7.29 
(3) Reduction of transpiration parameters to standard conditions. 

Obj. No. K Es, Es Ec, Ec go 
DI NM eek 304 3.38 3.1 0.939 0.77 24.9 
DAS cena 375 3.81 3.2 0.954 0.66 20.5 
DIR 388 5.35 4.1 0.518 0.33 8.1 
Average 3.5 0.59 17.8 
Table 24. Group B: Obj. No. 22, 25 and 28. 
(1) Limitation of phases. 
Obj. No. Stom. ph. Clos. ph. Cutic. ph. 

DI. 10.32 -— 10.46 — 12.55 — 13.55 

VAN wae O86 Cee RE 12.02 — 12.12 — 1410 — 15.10 

AS ee. 13.32 — 13.40 — 15.55 — 16.55 
(2) Characterization of rectilinear fragments of the transpiration curves. 

Obj. No. Gs Es’ Def. (s) Ge Ee’ Def. (c) 
A Dik teres eye he eke 967.2 4.647 5.27 811.9 0.3972 6.10 
QD seg dinieleusvetensieve a 979.0 4.094 5.60 850.6 0.3857 6.56 
Br ONT een 980.8 4.656 6.13 845.9 0.4018 7.53 
(3) Reduction of transpiration parameters to standard conditions. 
Se ee ee ee, 

Obj. No. K Es, Es Ec, Ec go 
oS eee 
PRE TRS D RSID OOO 364 4.74 4.2 0.458 0.35 8.3 
PREIS 376 4.15 3.5 0.431 0.31 8.9 
Ze RL 411 4.72 3.6 0.460 0.35 9.8 
Average 3.7 0.34 9.0 
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Table 25. Group C: Obj. No. 23, 26, 29 and 30. 


(1) Limitation of phases. 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
Da Re rote or on 11.02 — 11.16 — 12.25 — 13.25 
QO Mier strats ee ee 12.32 — 12.46 — 13.45 — 14.45 
DONNE ARE RENTE 14.03 — 14.13 — 15.10 — 16.10 
DO eat: 14.09.30 — 14.19.30 — 15.40 — 16.40 


(2) Characterization of rectilinear fragments of the transpiration curves. 


—_——— 


Obj. No. Gs Es’ Def. (s) Ge Ee’ Def. (c) 
DD ways ies ro 967.4 4.410 5.36 875.2 0.2259 5.92 
DOM rem: 980.8 2.692 5.75 914.5 0.2812 6.31 
DA De CREER 986.8 2.623 6.25 918.3 0.3035 felt 


OO Bert nern ee 986.8 2.602 6.55 911.6 0.3758 7.39 


(3) Reduction of transpiration parameters to standard conditions. 


Obj. No. K Es, Es Ec, Ee qo 
DDR ee ter go 418 4.53 3.9 0.252 0.20 5.0 
PA OR EE 440 2.73 2.2 0.304 0.22 10.1 
PS ss ed REE este 426 2.65 2.0 0.325 0.21 10.8 
SV scat CR Nae rae eee 452 2.63 1.9 0.409 0.26 13.8 
Average 2.5 0.22 99 


must be drawn to a significant fact which is best demonstrated in fig. 8, 
viz., the opposite direction of the deviations occurring in the xeromorphic 
individuals as compared with the rest. When the course of the straight lines 
drawn on fig. 8 are employed as reference values of the transpiration rate 
during the cuticular phase, the rise of vapour pressure deficit between 14 
and 16 o’clock is accompanied by a decrease of transpiration rate in obj. 
No. 21 and 22, while a slight increase of rate is observed in obj. No. 23 during 
ihe same period. A similar difference can be seen in fig. 9 also. In the curves 
of fig. 10, which were obtained later in the day, the variation of vapour 
pressure deficit occurring during the cuticular phase are comparatively 
slight, and a marked transpiration response is not to be expected. 

In spite of these deviations, the general course of the curves is quite regular, 
and the necessary data for our calculations can be fairly accurately deter- 
mined. Only the determination of the transition points between the different 
transpiration phases may be somewhat arbitrary in a few cases. 

The calculation data are tabulated above in the same way as in the case 
of exp. No. 4. 
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Exp. No. 12 A. Obj. No. 181, 184 and 187. 


We turn now to a number of experiments which were made in order to 
obtain data for a direct comparison of the transpiration of different species 
growing together in mixed populations. Only data concerning Vaccinium 
myrtillus will, however, be dealt with in the present paper. 

In exp. No. 12, three shoots of blueberry were employed. The plants were 
taken from a comparatively dry and sunny locality beneath the branches of 
an old Norwegian pine, which stood in an isolated position on a small hill. 
Here, the blueberry plants were found together with Vaccinium vitis-idaea L. 
and Empetrum hermaphroditum Hagerup in approximately equal proportion. 

The resulting transpiration curves are shown in fig. 11. For the sake of 
clarity, the curve of obj. No. 187 has been shifted to the right, as indicated 
by the arrow. The vapour pressure deficit curve has been omitted, since only 
relatively slight variations occurred. 
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Exp. No. 12A 
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Fig. 11. Ordinate: Logarithm of reduced fresh-weights. Abscissa: Time of the day. Correct 
position of curve No. 187 indicated by the arrow. 


The calculation data are given in the following tables: 


Tab. 26. Obj. No. 181, 184 and 187: Limitation of phases. 


D 


Obj. No. Stom.ph. Clos.ph. Cutic. ph. 
UO RENNES 9.47 — 1005 — 1135 — 12.35 
LSA Ee RT 11.07 — 1110 — 12.08 — 13.08 
LG? ea AR pe 12.01.30 — 12.05 — 13.25 — 1435 


Table 27. Obj. No. 181, 184, 187: Characterization of rectilinear fragments of 
the transpiration curves. 


Obj. No. Gs Es’ Def. (s) Ge Je Def. (c) 
STATE ER 970.1 3103 5.00 873.4 0.3136 5.40 
BE ASE 993.3 4.421 5.27 907.8 0.1965 5.46 
TREE esis 993.7 3.597 5.39 897.0 0.1989 5.51 
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Tab. 28. Obj. No. 181, 184, 187: Reduction of transpiration parameters to 
standard conditions. 


Obj. No. K Es, Es Ee, Ec go 
VO tere ert sass aesne> 472 3.22 3.0 0.360 0.31 10.4 
NS Steer eine 460 4.45 3.9 0.215 0.18 4.7 
LI areas, De 459 3.62 3.1 0.220 0.19 6.0 
Average 3.4 0.23 7.0 


Exp. No. 14 A. Obj. No. 197, 201, 205. 
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ig. 12. Ordinate: Logarithm of reduced fresh-weight. Abscissa: Time of the day. 
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In the case of obj. No. 184 and 187, the first observation interval is taken 
to represent the stomatal phase, since the bending of the curves seems already 
to begin between the second and the third weighing. 


Vaccinium myrtillus, V. vitis-idaea and Empetrum hermaphroditum can 
be found in mixed populations in localities which show considerable dif- 
ferences with respect to light and moisture conditions. In contrast to exp. 
No. 12, the present experiment was made with plants from a relatively moist 
and shady place. Three plants of each species were employed. 
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The transpiration curves of the blueberry plants are shown in fig. 12. The 
general course of the curves is fairly uniform in this case. The vapour 
pressure deficit of the atmosphere increased gradually during the experiment 
from 4.3 mm at the start to 5.5—5.8 mm during the latter part of the observa- 
tion period. 

When the curves of fig. 12 are compared with those of fig. 11, a distinct 
difference of form can be observed. In fig. 12, the bending of the curves 
during the closing phase proceeds more slowly and smoothly than in fig. 11. 
Obviously, the closing of stomata is more rapidly effected in the latter case. 

This difference can be still more clearly demonstrated when the derivated 
curves are constructed. As an example, we may consider the transpiration 
curves of obj. No. 184 (exp. 12) and obj. No. 201 (exp. 14). In both cases, 
tangents to the curves are drawn at suitable intervals. The slope of the tan- 
gents can be determined from the coordinates of arbitrarily chosen points on 
the lines. For the sake of convenience, the resulting figures may be multiplied 
by 1000 and given positive sign. The magnitude thus defined may be denoted 
SALE =— 1000 : d(log G)/dt 
The values of v obtained in this way are given in table 29 below. 

Tab. 29 A. Obj. No. 184: Slope of transpiration curve. 


ALINE Sous Er comen 11.10 11.20 11.30 11.35 11.40 11.45 11.50 12.00 12.10 


NT chats 1.933. 1.068 0.570 0.359 0.238 0.186 0.158 0.126 0.094 
Tab. 29. B. Obj. No. 201: Slope of transpiration curve. 

WIE) ae. 10.20 10.40 11.00 11.20 11.40 12.00 12.20 12.40 13.00 13.20 13.40 14.00 14.20 

v 


ee ec 1.892 1.429 1.081 0.759 0.620 0.525 0.474 0.440 0.411 0.388 0.351 0.312 0.294 


In order to facilitate the comparison, the figures given in table 29 can be 


recalculated as a percentage of the initial value of v. In this way, the curves 
shown in fig. 13 are obtained. 


% 
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Fig. 13. Explanation in the text. 
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Table 30. Obj. No. 197, 201, 205: Limitation of phases. 
a ES ee ee ee ee 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
DOTE ee nec 2 9.00 — 9.26 — 12.30 — 13.30 
PAD | On 10.00 — 10.30 — 14.00 — 15.00 
OS! ee Nieto en oi 11.00.39 — 11.21.30 — 14.40 — 15.40 


Table 31. Obj. No. 197, 201 and 205: Characterization of rectilinear fragments 
of the transpiration curves. 


Obj. No. Gs Es’ Def. (s) Ge Ee! Def. (c) 
Ny ec VRR, 945.8 4.039 4.45 695.9 0.4854 5.30 
DOVE ner 936.0 4.078 4.61 629.8 0.4260 5.46 
BUS cee toe: 949.1 4.856 4.88 625.2 0.4430 5.59 


Table 32. Obj. No. 197, 201 and 205. Reduction of transpiration parameters 
to standard conditions. 


Obj. No. K Es, ös Ec, Ec go 
RER RER 399 4.20 4.4 0.684 0.59 13.7 
PAL) ea 434 4.30 4.3 0.776 0.66 15.2 
OO ete eo Soe 438 5.07 4.8 0.832 0.69 14.3 
Average 4.5 0.65 14.4 


These curves demonstrate the rapidity of the transpiration decrease which 
is caused by the closing movements of stomata during the different stages 
of the closing phase. The difference between the curves can be quantitatively 
expressed in many ways, e.g. by calculation of the time passing from the start 
of the experiment until the magnitude of v has been reduced to 50 °/o of 
the initial value. This time is found to be 15 minutes in obj. No. 184, and 
68 minutes in obj. No. 201. In this comparison, the differences of vapour 
pressure deficit have not been taken into account. 

From the curves of fig. 12, the standard transpiration rates can be cal- 
culated in the usual manner (tab. 30—32). 


Exp. No. 22 A. Obj. No. 305, 309 and 313. 


The three blueberry plants employed for this experiment were taken from 
the tufts of a small bog among loose Betula nana shrubs. The vapour pressure 
deficit of the atmosphere attained a maximum value of about 6.3 mm shortly 
after the start of the experiment, owing to artificial healing, and decreased 
then gradually to a level of ca. 5.5 mm, which was kept fairly constant during 
the greater part of the observation period. 

The transpiration curves, which are shown in fig. 14, demonstrate a pretty 


114 


GEORG HYGEN 


3.00 


Exp. No. 22A 


2.95 


2.90 


2.85 


Fig. 14. Ordinate: Logarithm of reduced fresh-weights. Abscissa: Time of the day. 


Table 33. Obj. No. 305, 309 and 313: Limitation of phases. 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
305). shes cour 9.00 — 914 — 1230 — 13.30 
BE ee 10.10 — 10.27 — 11.55 -- 12.55 
SES cn Soe ete 11.20 — 11.32 — 1815 — 14.15 


Table 34. Obj. No. 305, 309 and 313: Characterization of rectilinear fragments 
of the transpiration curves. 


Obj. No. Gs Es’ Def. (s) Ge Ec' Def. (c) 
GUO ewe sia ase 964.7 4.796 6.18 738.6 0.3852 5.40 
SOO. Bieta ner 957.7 4.912 5.75 817.9 0.2924 5.46 
BO einen ee 968.7 5.054 5.58 840.4 0.2489 5.47 


Table 35. Obj. No. 305, 309 and 313. Reduction of transpiration parameters to 
standard conditions. 


Obj. No. K Es, Es Ee, Ze qo 
nn EEE © 
SUD Ne eme dress 444 4.94 3.7 0.537 0.46 12.4 
BOS MR mie tue cone 421 5.07 4.1 0.349 0.30 7.3 
SUSIE Dott othe oe earer 561 5.27 4.4 0.329 0.28 6.4 
Average 4.1 0.35 8.7 
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close agreement between the three individual specimens. As in many of the 

preceding curves, deviations occur during the latter part of the cuticular 

phase between the actual course of the transpiration curve and the straight 

line serving as a base for the calculations (only the latter is drawn on the 

graph). These deviations are most conspicuous in obj. No. 309, where a sudden 

lowering of the transpiration rate seems to take place at about half past one. 
The calculation data are brought in tab. 33-—35. 


Exp. No, 42. Obj. No. 555—562. 


The principle of the experiments hitherto dealt with, has been to obtain 
a base for comparison between the transpiration rates corresponding to 
maximum and zero aperture, by causing stomatal closing during the experi- 
ment. The values which can be directly determined from the transpiration 
curves, must then be reduced to zero water deficit by means of the formula 
given in chapter III, before they can be compared. Clearly, it would be much 
better if this reduction procedure could be omitted and comparable values 
obtained directly. This might be achieved if stomatal closing could be induced 
previous to the start of the experiments by some sort of treatment not 
involving water loss, e.g. by darkening. The present experiment was intended 
to see whether such an effect might be attained in blueberry plants. 

Eight fairly uniform shoots of intermediate appearance were employed, 
four of them being treated in the usual manner (No. 555, 557, 559, 561), 
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Fig. 15. Ordinate: Logarithm of reduced fresh-weights. Abseissa: Time of the day. Correct 
position of curves No. 557 and 558 indicated by the arrow. 
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l'ig. 16. Ordinate: Logarithm of reduced fresh-weights. Abscissa: Time of the day. Correct 
position of curves No. 561 and 562 indicated by the arrow. 


while the other four were placed in a small dark chamber during the night 
previous to the experiment, and remained there until the weighings were 
begun. Then, one object of each group was prepared simultaneously and 
weighed at an interval of 1 min. In drawing the curves, the starting points 
of the two curves belonging to each pair have been made to coincide by 
subtracting 1 min. from the time values corresponding to the points of the 
second curve. Further, the second and fourth pair of curves have been moved 
to the right on the graphs in order to avoid confusion. The correct position 
with regard to the axis of abscissas is indicated by arrows in fig. 15 and 16. 

During the experiment, the vapour pressure deficit of the atmosphere rose 
slowly from ca. 3.1 mm at the beginning to about 3.6 mm after 6 hours. 

It is evident from the general form of the curves, that the darkening has 
not induced stomatal closing in the objects of the second series (No. 556, 558, 
560 and 562). This result was also confirmed by qualitative infiltration tests, 
which showed only small differences between control members of the two 
series. 

Further experiments with Vaccinium vitis-idaea and Alchemilla alpina, 
which will be dealt with in a later paper, gave similar results. In order to 
ascertain whether other piants might be more susceptible to darkening, infil- 
tration tests on parallel samples treated in the same manner as the blueberry 
shoots of exp. No. 42, were made with Betula nana L., Salix herbacea Lx, 
Rubus chamaemorus L., Comarum palustre L., Sibbaldia procumbens L., and 
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Table 36. Obj. No. 555, 557, 559 and 561. Control series. 


Limitation of phases. 


pa EEE EE Eee 
Obj. No. Stom. ph. Clos.ph. Cutic. ph. 
TP ee RE 
DORE ee 9.00 — 932 — 12.35 — 13.35 
GT ee EE 9.16 — 940 — 13.10 — 14.10 
RES email EE 9.36 — 10.10 — 13.20 — 14.20 
DORE serena 10.12 — 10.36 — 14.00 — 14.30 


Table 37. Control series. Characterization of rectilinear fragments of transpira- 


tion curves. 


Obj. No Gs Ei Def. (s) G Eg, Def. (c) 
Bape. tact 951.0 3.021 3.13 772.9 0.2611 3.53 
erie Pee 951.0 3.928 3.18 738.9 0.2733 3.57 
BBO Nios, rue 955.0 2.561 3.16 729.0 0.3486 3.57 
EEE 962.1 3.102 3.32 735.9 0.2959 3.61 


Table 38. Control series. Reduction of transpiration parameters to standard 


conditions. 
Obj. No. K Es, Es Ec, Ee go 
DD ee ere e res 439 3.15 4.6 0.339 0.44 9.5 
D DA eee sors" 432 4.09 5.9 0.374 0.48 8.1 
SE a cite os 439 2.66 3.9 0.492 0.63 16.4 
OOUA Skis cet Sets este 444 3.20 4.4 0.415 0.53 11.9 
Average 4.7 0.52 11.5 


Table 39. Obj. No. 556, 558, 560 and 562. Dark series. 


Limitation of phases. 


d'anete in elelle;a ale 


Stom. ph. Clos.ph. Cutic. ph. 
9.01 — 9.37 — 12.35 — 13.35 
9.17 — 940 — 13.00 — 14.00 
937 — 10.08 — 13.57 — 14.45 

10.13 — 10.26 — 13.55 — 14.55 


Table 40. Dark series. Characterization of rectilinear fragments of transpira- 


tion curves. 


Obj. No Gs Es’ Def. (s) Ge Ec’ Def. (c) 
BO Operate crie 957.4 2.388 3.14 724.5 0.3933 3.53 
Ske rs coke oreo cgi 968.1 2.687 3.18 712.4 0.3703 3.55 
DOOR 958.3 2.904 3.26 696.9 0.2906 3.62 
DOSE 976.6 3.454 3.31 696.3 0.3079 3.61 


E17 
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Table 41. Dark series. Reduction of transpiration parameters to standard 


conditions. 
RE a ———————— et 
Obj. No. K Es, Es Ec, Ec qo 
SOG: Gas cee oi 429 2.47 3.6 0.551 0.72 20.0 
ee 417 2.75 4.0 0.521 0.67 17.0 
560.7. M Se ab. ce 420 3.04 4.3 0.424 0.54 12.6 
RIRE Boe cokes 405 3.51 4.9 0.438 0.56 11.4 
Average 4.2 0.62 15.2 


Vaccinium uliginosum L. The tests demonstrated that-stomatal closing was 
not induced by darkening during the night in any of these species, though 
the aperture of stomata was slightly reduced in comparison with the control 
series in most cases. It must be concluded, therefore, that the method of 
darkening could not be employed with advantage in the present investigation. 

The calculation data for the objects employed in exp. No. 42 are given in 
table 36—41 above. The K-values were computed from the weights of the 
objects in air-dry condition, which were determined after the experiment. 
The differences which occur between the members of each pair must be 
discussed later. 


Exp. No. 45. Obj. No. 579—594. 


The last of the blueberry experiments to be dealt with in the present 
paper, was set up according to the same plan as exp. No. 5 (p. 105), in order 
to give additional data concerning possible differences between plants growing 
under different conditions. Four samples from three separate localities were 
employed, each sample comprising four blueberry shoots. 

A gradual increase of the atmospheric saturation defieit occurred during 
the experiment, as indicated by the following approximate figures: 9.00— 
3.6 mm, 11.15—3.8 mm, 13.15—4.0 mm, 14.30—4.2 mm, 15.05—4.35 mm, 
16.25—4.5 mm. 


45 A. Obj. No. 579, 583, 587 and 591. — The first sample was taken from 
a few large-leaved plants of a pure green colour, growing between some big 
rocks in a moist depression on the northern slope of a low hill. The cut 
shoots had only six leaves on an average (6, 5, 6 and 7 respectively). The 
average size of the leaves may be indicated by the following measurements 
in obj. No. 579 (one leaf damaged in the tip by insects): Length-breadth in 
mm: 29/14, 34/17, 33/18, 30/16, 25/15. Using the formula z-} . » for an 
approximate calculation of the average area of a single leaf, this is found to 
be 3.80 cm”. (The measurements were made after the end of the experiment.) 

The resulting transpiration curves are shown in fig. 17. In comparing this 
figure with the subsequent ones (fig. 18—20), the different scales of the 
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Fig. 17. Ordinate: Logarithm of reduced fresh-weight. Abscissa: Time of the day. 


Table 42. Obj. No. 579, 583, 587 and 591. Limitation of 


phases. 

Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
ee 9.00 — 9.14 — 12.10 — 13.10 
DIS an er 10.00 — 10.11 — 12.00 — 13.00 
BST stove ee aa are 11.00 — 11.11 — 1425 — 15.25 
DON ee 12.17 — 1236 — 1435 — 15.35 


‘Table 43. Obj. No. 579, 583, 587 and 591. Characterization of rectilinear frag- 
ments of transpiration curves. 
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Obj. No. Gs Es! Def. (s) Ge Be Def. (c) 
PION. 3 SS 969.6 4.246 3.61 730.1 0.5775 3.96 
DEE nah 980.4 3.417 3.68 873.5 0.4131 3.96 
HAUTS RARE 972.3 4.769 3.79 720.1 0.4815 4.30 
Lt Sas 971.6 3.293 3.95 788.3 0.6171 4.33 


Table 44. Obj. No. 579, 583, 587 and 591. Reduction of transpiration parameters 
to standard conditions. 


Obj. No. K Es, Es Ec, Ee go 
BHA! ae se ee care 354 4.32 5.6 0.724 0.86 15.3 
DA tale nen etes 371 3.46 4.4 0.452 0.54 12.2 
DOTE ee cients ete enr 364 4.85 6.0 0.619 0.78 12.9 
D'OR rhone see entorse 330 3.34 4.0 0.711 9.77 19.4 


Average 5.0 0.74 14.9 
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ordinate axis must be taken into consideration. It is seen from fig. 17 that 
one of the curves (obj. No. 583) differs markedly from the other three, 
showing a more sudden bend and a considerably lower rate of water loss 
during the cuticular phase. This difference is brought out by the following 
calculations also. In the present experiment, the weight of the objects in 
air-dry condition was determined directly and employed for the calcula- 
tion of K. 


45 B. Obj. No. 580, 584, 588 and 592. — The shoots of this group had 
smallish, green leaves, and were otherwise of normal, mesomorphic appear- 
ance, growing beneath a pine tree in moderately moist and insolated condi- 
tions. The number of leaves of the four objects were 16, 25, 24 and 16 
respectively. Measurements of leaf length and breadth in obj. No. 580 at the 
end of the experiment gave the following series (mm): 15/8, 15/9, 15/10, 
15/10, 12/7, 13/8, 16/11, 15/10, 15/10, 16/10, 10/6, 11/6, 12/7, 14/9, 13/7, 12/6. 
Supposing the shape to be elliptical, the average area of a single leaf is thus 
approximately 0.65 cm?. 

The transpiration curves (fig. 18) show a pretty close agreement between 
the four individual objects. The calculation data are given in table 45—47 
below. 

In the case of obj. No. 580, it was found advisable to extend the duration of 
the period chosen to represent the cuticular phase beyond the usual limits, 
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Fig. 18. Ordinate: Logarithm of reduced fresh-weight. Abscissa: Time of the day. 
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Table 45. Obj. No. 580, 584, 588 and 592. Limitation of 


phases. 
ee ME 
Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
DOO Rte te tee 901 — 917 — 11.35 — 13.35 
DEAN ea ee 10.01 — 10.15 — 1215 — 13.15 
DOSE nenne 11.01 — 11.18 — 13.45 — 14.45 
Ar ee 12.18 — 1225 — 15.10 — 16.10 


Table 46. Obj. No. 580, 584, 588, and 592. Characterization of rectilinear frag- 
ments of transpiration curves. 


Obj. No. Gs Es’ Def. (s) Ge Ee’ Def. (c) 
Gis ote SOS 972.3 3.470 3.61 857.0 0.2772 3.93 
DORE ee 977.2 3.318 3.69 873.0 0.3284 3.97 
Go Re 982.7 2.074 3.80 881.0 0.3090 4.16 
DZ ee 991.1 2.398 3.95 904.9 0.2243 4.41 


Table 47. Obj. No. 580, 584, 588, and 592. Reduction of transpiration para- 
meters to standard conditions. 


Obj No K Es, Es Ec, Ee go 
DOOM Ks rer here 408 3.54 4.6 0.313 0.38 8.1 
Siete Qa Rn 448 3.38 4.3 0.372 0.44 10.3 
DOSE ao 6s 65's 439 2.10 2.6 0.346 0.39 15.0 
DOD Bre ee +s hasse 441 2.41 2.9 0.245 0.26 9.1 
Average 3.6 0.37 10.6 


because some scattering of the points prevented a precise determination of the 
course of the curve during the first hour of the cuticular phase. 


45 C. Obj. No. 581, 585, 589, and 593. —- Pronounced insolation and low 
soil moisture were the distinctive features of the stony hillside where the 
objects of the present group were taken. At the time of the experiment 
(9. Aug.), the majority of the blueberry plants in this locality had achieved 
a brilliant red colour, owing to anthocyanine development. Beside their vivid 
colour, the four objects of group C were marked by the position of their 
moderately-sized leaves, which were bilaterally folded upwards against the 
stem, giving the shoot a peculiar flat appearance. The number of leaves of 
the four cut shoots were 8, 8, 11, and 14 respectively. The average size of 
the leaves may be judged from the following measurements in obj. No. 581 
(length/breadth in mm): 11/7, 15/12, 19/15, 20/14, 21/14, 21/13, 18/11, 18/8. 
Using again the formula of the ellipsis for an approximative calculation of 
the average area of a single leaf, the resulting value is found to be 1.65 cm°. 
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Fig. 19. Ordinate: Logarithm of reduced fresh-weight. Abscissa: Time of the day. 


Table 48. Obj. No. 581, 585, 589, and 593. Limitation of phases. 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
RD one eer 9.02 — 9.07 — 11.05 — 12.05 
585 5 sone rer 10.02 — 10.47 — 12.50 — 13.50 
SSO) eons ke 11.02 — 11.24 — 13.35 — 14.35 
D creme 12.18.45 — 12.21.45 — 1410 — 15.10 


Table 49. Obj. No. 581, 585, 589, and 593. Characterization of rectilinear frag- 
ments o} transpiration curves. 


Obj. No. Gs as, Def. (s) Ge Ec' Def. (c) 
DA. Net 997.2 1.148 3.61 947.8 0.1970 3.86 
DO ae 989.5 0.932 3.71 919.2 0.2346 4.01 
DO 973.9 2.328 3.80 855.5 0.3484 4.13 
bh een 997.7 1.531 3.95 940.4 0.2132 4.24 


Table 50. Obj. No. 581, 585, 589, and 593. Reduction of transpiration para- 
meters to standard conditions. 


Obj. No. K Es, Es Ec, Ee go 
DE erasers ua less 472 1.15 1.5 0.208 0.25 16.9 
ish? don ger ao TOME us 468 0.94 12 0.254 0.30 25.0 
EL SEE ere ki cas woe 457 2.38 3.0 0.406 0.46 15.7 
DOS MMe een 465 1.53 1.8 0.226 0.25 13.7 
Average 1.9 0.32 17.8 
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The transpiration curves (fig. 19) demonstrate that obj. No. 589 has shown 
a much more rapid rate of water loss during the course of the experiment 
than the other three. In the case of obj. No. 581 and 593, the bending of the 
curve begins at once, and the first weighing interval is therefore taken to 
represent the stomatal phase, though the resulting values may be somewhat 
dubious with this procedure. The calculated data, which are brought in the 
tables 48—50,; Show remarkably low values of the transpiration during the 
stomatal phase, when compared with the previous experiments. 


45 D. Obj. No. 582, 586, 590, and 594. — The plants of group C and D 
were taken from the same locality, but displayed morphological differences, 
the shoots of the present group having much smaller and more outspread 
leaves than those of group C. The red colour was equally pronounced in 
both groups. 

The leaf number of the four objetcs was 22, 32, 38, and 24 respectively. 
The following series of measurements may serve to indicate the leaf size 
(obj. No. 582, length/breadth in mm): 5/4, 6/5, 9/7, 7/7, 9/7, 11/7, 5/4, 6/6, 8/7, 
10/8, 10/8, 5/3, 6/6, 8/8, 10/8, 9/7, 6/5, 9/7, 11/9, 12/10, 12/10, 12/8. As is seen 
from these figures, the leaves were more roundish in shape than usual in 
blueberry. The average area of a single leaf is found to be approximately 
0.46 cm? (cf. group A—C). 

The transpiration curves in fig. 20 show a fairly good mutual agreement 
between the curves representing obj. No. 586, 590, and 594, while the first 
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Fig. 20. Ordinate: Logarithm of reduced fresh-weight. Abscissa: Time of the day. 
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Table 51. Obj. No. 582, 586, 590, and 594. Limitation of phases. 


Obj. No. Stom. ph. Clos. ph. Cutic. ph. 
582 ae eee acs 9.03 — 9.08 — 1035 — 11.35 
DOOM ee 10.03 — 10.17 — 12.20 — 13.20 
DIOR ER 11.03 — 11.12 — 1415 — 15.15 
BOAT er er aut 12.18.30 — 12.39.30 — 14.15 — 15.15 


Table 52. Obj. No. 582, 586, 590, and 594. Characterization of rectilinear frag- 


ments of transpiration curves. 
eS ee 


Obj. No. Gs Es’ Def. (s) Ge E.’ Def. (c) 
82, Are are 996.1 1.560 3.61 944.1 0.2034 3.79 
586: wasser 986.8 1.823 3.70 880.6 0.3594 3.97 
DO0 M Re 990.1 2.104 3.79 867.6 0.2270 4.27 
BOL Se vase 986.6 1.272 3.95 924.1 0.2579 4.27 


Table 53. Obj. No. 582, 586, 590, and 594. Reduction of transpiration para- 
meters to standard conditions. 


Obj. No. K Es, Es Ec, Ee qo 
DB? la sass cae mine 494 1.57 2.0 0.216 0.27 13.1 
D8G) ee core eee 472 1.85 2.3 0.409 0.49 20.7 
DONS sert ee 457 2.12 2.6 0.261 0.29 10.9 
DL re 470 1.29 1.5 0.278 0.31 19.9 
Average 2.1 0.34 16.2 


curve (obj. No. 582) is singled out by the early bending, which begins at the 
very start of the experiment, like two of the curves of fig. 19 (obj. No. 581 
and 593). Here again, therefore, the first weighing interval must be taken 
to represent the stomatal phase. 

The calculation data are given in table 51—53. A comparison of the reduced 
average values of the transpiration parameters of the present group with those 
of group C (table 50) demonstrates a pretty close agreement, in spite of the 
morphological differences emphasized above. 


B. Discussion 
Introduction 


We have assumed on theoretical grounds (cf. chapter III) that the stomata 
of excised, water-saturated plants begin to close after a certain time when 
the plants are suspended in a non-saturated atmosphere of constant tempe- 
rature and humidity, and that the closing movements affect transpiration in 
such a way that curves of a quite definite form must result when the logarithm 
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of the fresh-weight of the object is plotted against time, viz., compound 
curves consisting of a bended middle portion and approximately straight 
tails, like a boomerang. The connection between the observation periods cor- 
responding to these three curve fragments and the simultaneous stages of 
stomatal aperture has been characterized by the designations chosen, viz., 
the stomatal phase, the closing phase, and the cuticular phase respectively. 
Obviously, the value of our method depends entirely upon the correctness 
of these fundamental assumptions, which we have not been able to prove in 
a quantitative way because of difficulties of method. 

It has already been mentioned (p. 94) that infiltration tests, though of a 
qualitative character only, furnish fairly convincing evidence confirming 
our interpretation. However, the most conclusive material seems to be pre- 
sented by the experimental curves themselves. When the 63 transpiration 
curves in the preceding section are surveyed, it is evident that the salient 
features of the curves are in perfect agreement with the theory advanced 
here. The striking uniformity with which the same general course repeats 
itself in object after object and from experiment to experiment constitutes in 
my opinion a decisive indirect proof of the validity of the method. (Cf. also 
Pisek and Berger 1938.) 


Course of transpiration curve during the stomatal phase 


With the exception of a few special cases (obj. No. 13, 581, 582, 593) the 
deviation from the alleged straight line which occur during the stomatal 
phase are, in general, well within the limits of the weighing error. The mean 
accuracy obtained by the readings on the scale of the torsion balance may 
be about +0.2—0.3 mg. By reduction of the observations to 1000 mg initial 
fresh-weight, this error must be multiplied with the appropriate factor, which 
in most cases lies somewhere between 2 and 3. When the reduced weight 
figures are considered, therefore, an accuracy of about +0.5—1 mg would 
result. 

The three curves of exp. No. 22 A may serve as an example of the agree- 
ment which is obtained when the reduced weight figures are compared with 
corresponding values calculated from the slope of the straight line which has 
been fitted to the points by ocular judgement and employed in previous cal- 
culations (cf. table 34). In table 54, the two sets of weight values are put 
down in the third and fourth columns, and the corresponding differences in 
the fifth column. 

According to the theory advanced in chapter III, the course of the curve 
log G=f(t) during the stomatal phase should not be exactly linear, but show 
a very slight concave curvature. Because of the short duration of the stomatal 
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Table 54. Exp. No. 22 A. Goodness of fit of rectilinear curve fragments corresponding to 
the stomatal phase. 

Column headings: 

(1) — Time of observation. 

(2) — Observed weight. 

(3) — Observed weight reduced to 1000 mg initial fresh-weight. 

(4) — Weight figures calculated from the slope of a straight line drawn by hand on the 
diagram log G/t (cf. fig. 14). 


(5) — Difference between the weights of column (3) and (4). 

(6) — Weight figures calculated from the slope of a straight line drawn by hand on the 
diagram log (G—K)/t. 

(7) — Difference between the weights of column (3) and (6). 


(Weight figures in mg.) 


A. Obj. No. 305. K=444.2, duration of stomatal phase=14 min. 


(1) (2) (3) (4) (5) (6) (7) 

UI tr Scot ER 386.1 1000.0 1000.0 0 1000.0 0 
LO aa le INE bo ta 378.0 979.0 980.3 — 13 980.1 — 1.1 
BE RAR EE ET 374.3 969.4 970.6 — 1.2 970.4 — 1.0 
ER ee 370.9 960.6 961.0 — 0.4 960.9 — 0.3 
SR) RN 367.4 951.6 951.5 + 0.1 951.5 + 0.1 
AUT ARE 360.5 933.7 932.7 + 1.0 933.4 + 0.3 
LEER. «od A 354.2 917.4 914.4 + 3.0 915.8 + 1.6 


B. Obj. No. 309. K=421.1, duration of stomatal phase =17 min. 


(1) (2) (3) (4) (5) (6) (7) 
OSTSEE 449.3 1000.0 1000.0 0 1000.0 0 
De ssn dfetale 440.2 979.8 979.7 = Oe 979.4 + 0.4 
GT SR Ce an =) S09 970.2 969.7 20:5 969.4 + 0.8 
OR ee .. 431.0 959.3 959.8 — 0.5 959.6 =e 
AU, ET bem cn 426.7 949.7 950.1 — 0.4 949.9 Ut) 
DE DE PORC tee 418.5 931.5 930.7 + 0.8 931.1 + 0.4 
ZI el 410.2 913.0 911.8 re 913.0 0 


C. Obj. No. 313. K==561.3, duration of stomatal phase =12 min. 


(1) (2) (3) (4) (5) (6) (7) 

EL Seana mma: 396.3 1000.0 1000.0 0 1000.0 0 
eee pee 387.8 978.6 979.4 == 0:8 978.8 — 0.2 
Ter 383.9 958.7 969.2 — 0,5 968.6 + 0.1 
ee 379.7 958.1 959.1 —1.0 958.6 —05 
eh eae ER 376.2 949.3 949.2 +01 948.9 +04 


BL oo. he Se «apart 369.1 931.4 929.6 ES 930.1 1.8 


v 
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phase, however, the difference between the figures which may be calculated 
upon the approximate assumption d(log G)/dt=const., and the figures derived 
from the correct equation d(log (G — K))/dt=const., will be of the same order 
of magnitude as the weighing errors. For this reason, the goodness of fit 
obtained in the two formula cannot be properly compared. 

In the case of exp. No. 22 A, the value of log (G— K) falling within the 
stomatal phase were plotted against time, and a straight line drawn to fit 
the points by ocular judgement. The slope of this line was then determined 
and applied in calculating the G-values which correspond to the formula 
d(log (G— K))/dt=const. The values thus obtained are listed in the sixth 
column of table 54, and the last column of the table shows the difference 
between these values and the weight figures directly derived from the 
observations, 

It is evident from table 54, that a straight line can be fitted to the points 
with practically the same accuracy in both cases. If a more precise method 
had been available for the determination of K, it might have been better to 
use the curve log (G— K)=f(t) as a base for calculation of the transpira- 
tion rates. But since the K-values calculated in the preceding chapter may be 
somewhat uncertain, the curves log G=f(t) must be preferred, for in this 
case it is not necessary to know the value of K when calculating the actual 
transpiration rates prevailing during the experiment (E, and E,’). Only when 
these initial values are reduced to zero water deficit, does K enter into the 
equations. The accuracy of the reduced values of the transpiration rate will 
be practically the same in both cases. On the other hand, the transition points 
between the stomatal phase and the closing phase might probably be deter- 
mined with slightly greater precision by means of the curve log (G— K) =f(t). 
For, the nature of the difference between the two curves is such that the 
duration of the stomatal phase will tend to be slightly underestimated when 
the determinations are based on the curves log G=f(t). Since, however, the 
range of individual variability with respect to the duration of the different 
phases, even in homogeneous populations, by far exceeds the magnitude of 
the possible errors arising by use of the latter curve, little would be gained 
by the other method. 

The pretreatment of the objects (cf. p. 73) was aimed at inducing maxi- 
mum stomatal aperture before the start of any experiment. However, it has 
not been possible to decide by direct observation whether the intended result 
was really obtained by the measures taken. We may ask now, if some in- 
formation about this question can be derived from the transpiration curves. 

In exp. No. 42, plants treated in the usual way were compared with other 
individuals which had been kept in a dark chamber for more than 12 hours. 
The results are not very conclusive. In the first two pairs of objects (obj. 
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No. 555/556 and 557/558, fig. 15), a considerable difference in transpiration 
rate is evident from the slope of the curves, the most rapid transpiration 
occurring in the objects which had been exposed to light. In this case, the 
difference may probably be ascribed to the promoting influence of light on 
stomatal opening. This interpretation could be confirmed by qualitative 
infiltration tests applied to parallel objects of the two series. When the last 
two curve pairs are surveyed, however, a slight difference in the opposite 
direction is observed, i.e., the darkened individuals show the highest rates 
(obj. No. 559/560 and 561/562, fig. 16). This unexpected contrast deserves 
further experimental control. So far, it is impossible to decide whether the 
difference is a mere chance occurrence, or provoked by some unintended 
change of the experimental conditions. 

At any rate, the experiment seems to indicate, that a linear start of the 
transpiration curve may occur at rather different relative apertures. This 
means, that the aperture of stomata, in general, may remain constant during 
a period of several minutes after the beginning of the experiment, even if the 
initial stage is sub-maximal. 

In four cases, viz., obj. No. 13 (fig. 6), obj. No. 581 and 593 (fig. 19), and 
obj. No. 582 (fig. 20), the first part of the transpiration curve is not linear, 
but bends off gradually from the beginning. We may assume, that the closing 
movement, for some unknown reason, has begun immediately at the start 
of the experiment in these four individuals, or perhaps even earlier. Obj. 
No. 581, 582, and 593 are among the strongly anthocyanin-coloured plants 
taken rather late in summer (Aug. 8.) from the extreme locality No. 3. 

In the greater part of the experiments, only small differences in the initial 
slope of the transpiration curves occur between parallel objects. These dif- 
ferences may be due to inherent structural dissimilarity, to unequal initial 
aperture of stomata, or they may be caused by chance effects, e.g. by different 
reactions on cutting (experimental errors). The transpiration curves alone 
cannot enable us to decide the relative amount of the variation to be ascribed 
to either of these factors, in a quantitative way. However, the general agree- 
ment between parallel objects indicates that an approximate physiological 
homogeneity has been achieved by the pretreatment of the material, and that 
initial aperture differences play a minor röle. Further, it is obvious from the 
subsequent course of the curves, that the initial opening of stomata has 
always been sufficiently wide to secure a transpiration rate of a fairly 
uniform order of magnitude, several times greater than the corresponding 
values obtained during the cuticular phase. 

In this connection, we may refer to the investigations of Stalfelt (1932) 
on the relation between transpiration rate and stomatal opening in Betula 
verrucosa, showing that the rapid rise of transpiration which occurs in the 
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region from zero aperture upwards, is gradually slowed down by further 
widening of stomata. Where the size of aperture was above medium, changes 
had but little influence on the transpiration rate. Moreover, Stälfelt found 
that a pretreatment of the material closely corresponding to the procedure 
employed in the present investigation, in many cases induced stomatal 
opening (l.c., p. 32). It would seem, therefore, that consistent transpiration 
values can be obtained even where the ideal condition of maximum aperture 
is not always fulfilled, and that the pretreatment of the blueberry plants has 
served to induce initial apertures within a range where small differences 
are of little consequence. In order to obtain more definite results, an 
exhaustive study of the effect of pretreatment under the controlled conditions 
of a well-equipped laboratory would be required. 


The time factor in stomatal reaction 


Under the conditions of our experiments, the total amount of water lost 
by a plant during the observation period depends on the relative duration 
of the transpiration phases, as well as on the magnitude of the corresponding 
transpiration rates. In nature, the rapidity with which the closing. of stomata 
can be effected in times of drought must be ecologically important. It is of 
interest, therefore, to see whether obvious differences can be demonstrated 
between plants from different habitats in this respect. 

In general, observations on excised objects cannot be directly applied on 
the conditions prevailing in intact plants, and a perfect quantitative agree- 
ment is never to be expected. However, the possible differences in the rapidity 
of the closing reaction, which might be due to structural factors, should not 
be affected by cutting, even though the water supply of the transpiring organs 
is cut off more suddenly and completely than it would ever be under natural 
conditions. Much greater uncertainty arises in the interpretation of our 
experiments because of the intervention of other variable factors which have 
not been kept under control. The duration of the stomatal phase and the 
closing phase must depend upon the same three factor groups which determine 
the transpiration rate (cf. p. 58). The microclimatic (external) factors may 
have a direct influence on the stomatal aperture, or they may act indirectly, 
by regulating the rate of water loss, which in turn affects the turgor of the 
guard cells and the adjacent epidermis cells. In our experiments, the ideal 
requirement of controlled, »standard» conditions could not be strictly ful- 
filled in practice. Variations occurred from experiment to experiment in- 
volving both the observation period proper and the important hours preceding 
cutting. Because of the relatively Small number of objects investigated, the 
effect of structural differences may be more or less completely masked by 
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Table 55. Duration of transpiration phases. Time in minutes. 


Exp. Obj. Stomatal 


No. No. phase 
1 1 25 
2 15 
3 24 
2 4 15 
5 10.5 
6 15 
3 7 25 
8 17 
9 18.5 
10 16.5 
11 14.5 
4 12 19.5 
13 5 
14 13.5 
15 18 
16 17 
17 16.5 
18 14 
19 19.5 
20 23.5 
5A 21 20 
24 22 
27 16 
5B 22 14 
25 10 
28 8 
5C 23 14 
26 14 
29 10 
30 10 
12 A 181 18 
184 3 
187 3.5 


the influence of these variations. The elimination of the effects of irrelevant 
factors by means of suitable corrections and reduction procedures would 
require quantitative relations which cannot be established by means of the 
evidence oktained, as will be shown presently. 

The data concerning the duration of the stomatal phase and the closing 
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Closing 
phase 


180 
80. 
64 


47.5 
49 
21 


57.5 


Exp. 
No. 


14A 


42 A 


45 B 


45 C 


45 D 


Obj. 
No. 
197 
201 
205 


305 
309 
313 


555 
557 
559 
561 


556 
558 
560 
562 


579 
583 
587 
591 


580 
584 
588 
592 


581 
585 
589 
593 


582 
586 
590 
594 


Stomatal 
phase 


26 
30 
21 


14 
17 
12 


32 
24 
34 
24 


36 
23 
26 
13 


14 
11 
11 
19 


phase brought in previous tables, are summarized in tab. 55. 


Closing 
phase 


184 
210 
198.5 


196 
88 
103 


183 
210 
190 
204 


178 
200 
234 
209 


176 
109 
194 
179 


138 
120 
147 
165 


118 
117 
131 
108 


87 
123 
183 

95.5 


STUDIES IN PLANT TRANSPIRATION I 131 


© 8 16 DA 32 40 48 min. 


Fig. 21. Duration of stomatal phase. Ordinate: Number of observations. 


The mean duration of the stomatal phase is 17 minutes, and the cor- 
responding standard error one minule. The distribution of the values is shown 
in fig. 21. Because of the wide scattering and irregular distribution of the 
values concerning the closing period, the calculation of a mean would be to 
little purpose. 

It is reasonable to suppose that a rapid transpiration will tend to promote 
the closing of stomata. The duration of the phases under consideration would 
then decrease with increasing vapour pressure deficit. When the duration 
of the stomatal phase is plotted against the corresponding values of the 
atmospheric saturation deficit, however, the resulting point diagram does 
not show any significant correlation between the coordinates. On account 
of the great individual variability of the objects and the relatively narrow 
range of vapour pressure deficits investigated, this fact cannot, of course, 
be taken to prove that such a correlation does not exist. A much more exten- 
sive material would be required for the establishment of definite conclusions. 
In view of the interesting results obtained by Stalfelt (1929 a, 1932) in experi- 
ments with Vicia Faba and Betula verrucosa, however, the negative result 
of the correlation test is certainly suggestive. According to Stalfelt, a closing 
movement of stomata (hydroactive reaction) is induced by transpiration loss 
when the water deficit of the transpiring organs exceeds a certain limit 
(3—4 °/o in the objects employed). Further, it could be demonstrated that the 
closing reaction does not begin immediately when the critical value is passed, 
but that a delay of several minutes occurs before the movement actually 
takes place. If the same mechanism were active in blueberry also, the lack 
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of correlation between the duration of the stomatal phase and the magnitude 
of the simultaneous vapour pressure deficit might be easily explained. In our 
experiments, the transpiration rates observed during the stomatal phase (E,) 
are surprisingly uniform. Hence, only small variations would occur in the 
time required for the excised objects to attain a definite, small water deficit. 
Since the duration of the subsequent induction period is supposed to be 
independent of the atmospheric conditions, the total interval between cutting 
and closing reaction would not be much influenced by variations in the 
atmospheric saturation deficit. When heterogeneous material is employed, 
and great individual variability occurs, as in the present case, such a slight 
influence would be completely obliterated. 

According to Stalfelt, the reaction which is induced when the water deficit 
exceeds the critical limit, does not, in general, result in complete closing of 
stomata. The course of the aperture contraction depends on the magnitude 
of the water deficit which is attained during the reaction. In excised objects, 
the water deficit must, with continued transpiration, rise gradually until 
the level resulting in complete closing is eventually reached. The time 
required for this process obviously depends upon the transpiration rate, which 
in turn is conditioned by the (physiological) vapour pressure deficit. For 
this reason, a negative correlation between the duration of the closing phase 
and the magnitude of the vapour pressure deficit must be expected. At zero 
vapour pressure deficit, the closing movement will never be completed, since 
no transpiration occurs (duration of closing phase=%). By increasing vapour 
pressure deficit, a maximum transpiration rate must finally occur, cor- 
responding to a minimum duration of the closing phase. Thus, if the duration 
of the closing phase were determined by different vapour pressure deficits 
in a sufficiently large number of homogenous objects, and the corresponding 
values were plotted against each other, an approximately hyperbola-shaped 
regression curve would be expected to result. 

The experiments reported here were not designed with the verification of 
this hypothesis in view. Because of the very wide scattering of the time values 
resulting from the heterogeneity of the objects, only qualitative indications 
can be extracted from the material. 

The average atmospheric vapour pressure deficit prevailing during the 
closing phase of any experiment can be obtained from the curves (resp. 
tables) previously discussed. When the closing times are plotted against these 
average values, the resulting diagram shows an extremely wide scattering of 
the points. Nevertheless, a highly significant correlation between the coordi- 
nates is obtained, when a straight regression line is computed by the method 
of least squares (t=6.766, P<0.001). The nature of the correlation can be 
illustrated by grouping the data and calculating the group means. Exp. No. 1 
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150 


100 


Fig. 22. Ordinate: Duration of 50 
closing phase (group average). 
Abscissa: Atmospheric vapour 
pressure deficit (mm). 


is then excluded because of the possible wind effect. The remaining 60 objects 
may be divided into the following five groups (D denotes the average 
atmospheric saturation deficit during the closing phase) : 


I. 33<D<3.5. Obj. No. 555—562. 
Il. 3.6<D<4.1. Obj. No. 579— 594. 
Ill. 48<D<5.9. Obj. No. 4—7, 21—23, 181, 184, 187, 197, 201, 205, 305, 
309, 313. 
IV. 6.0<D<6.8. Obj. No. 8—10, 12—17, 24—30. 
V. 7.3<D<7.8. Obj. No. 11, 18—20. 


The average values of closing time and saturation deficit of these groups 
are plotted against each other in fig. 22, which seems to indicate a curved 
regression line. Thus, even if the data are not conclusive, we may perhaps 
venture to state that they do agree quite well with the working hypothesis 
suggested above. 

The curve of fig. 22 also shows a remarkable agreement with results 
previously obtained by Gäumann and Jaag (1937) in experiments with potted 
plants of Quercus Robur and Bergenia bifolia (l.c., Abb. 3 S and Abb. 5 S). 
In this case, the closing of stomata was induced by darkening at constant air 
humidity. 

Beside the vapour pressure deficit, other external factors may also effect 
the closing reaction. We have already drawn attention to the possible change 
in the reactivity of the stomatal apparatus during the course of the day (cf. 
p- 98). The results of exp. No. 2 and 3 seem to indicate that the closing 
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reaction might be more rapidly effected about noon than in the early morning 
hours. The same tendency is apparent in a number of further experiments 
also, viz., exp. No. 5 B, 5 C, 12 A, 22 A, and 45 B. In most of these experi- 
ments, however, only three objects from the same population were employed, 
and a decrease of closing time from object to object may, therefore, occur 
by chance in 25 °/o of the cases. Moreover, the increase of vapour pressure 
deficit which took place in nearly every experiment during the observation 
period, might be partially responsible for the gradual shortening of the closing 
time. When the entire material is taken into consideration, the suggested 
correlation is not decisively substantiated, and the question must be left open 
for further research. | 

Likewise, no conclusive evidence can be derived from the present investiga- 
tion about the possible influence on the closing reaction of the different 
microclimatic conditions which the objects were exposed to during the hours 
(days) previous to the start of the experiments. 

Finally, it may be mentioned that the light intensity during the experiment 
may, of course, have a very distinct influence on the stomatal reactions. 
Because of the uniform light conditions which were secured in the experi- 
ments discussed here, however, the light factor can safely be ranged among 
the many accidental circumstances which may cause minor chance varia- 
tions, as e.g. imperceptible air movements. 

When we now proceed to consider the possible differences between plants 
from different localities, with which we are mainly concerned, proper allow- 
ance must be made for the modifying influence of the external factors dis- 
cussed. Since quantitative correction methods cannot be applied, the best way 
of neutralizing this influence seems to be a suitable grouping of the material. 
In the choice of objects, three types were distinguished, viz., (1) more or less 
distinctly hygromorphic plants from relatively moist localities, (2) plants of 
normal (medium) appearance from average localities, (3) habitually xero- 
morphic plants from dry and sunny localities. These three types, which may 
be denoted by H, M, and X, respectively, are represented in equal proportion 
in the following three series of experiments: 


(a) Exp. No. 45 A (H), 45 B (M), 45 D (X). 
(b) Exp. No. 14 A (H), 22 A (M), 12 A (X). 
(c) Exp. No. 5A (H), 5 B (M), 5 CHR). 


Within each of these series, only slight variations of vapour pressure deficit 
occurred. In (a) and (c) the types H, M, and X were included in the same 
experiment. In (b), an accidental agreement with respect to vapour pressure 
deficit occurred on three different days. In the latter case, the morphological 
difference between the types was not so pronounced as in (a) and (c). In 
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Table 56. Average values of K in relation to morphological 


structure. 
nn ee ee ee es 


Morphological Type 


Series No. H M X Mean 
(a arscen 354.75 434.00 465.50 418.08 
(DRE one 423.67 475.33 463.67 454.22 
(CR a 355.67 383.67 428.00 389.11 
Mean ras 375.70 431.30 453.70 420.23 


Table 57. Analysis of variance of the K-values included in table 56 above. 


Source of variation Sum of Squares n Mean Square i 
Brautatypes (HM, Keen... 32 257.067 2 16 128.534 17.057 4 
SORES: (ES DU Cena 19 170.005 2 9 585.003 10.137 1 
BAC ET AC ELODIE oe ne. ebene asus 6 181.212 4 1 545.303 1.634 * 
Within subClasses 7... 1.00 19 857.083 21 945.575 
RO A y noce 77 465.367 29 


exp. No. 5 C, obj. No. 30 is left out, since this object was not included in the 
original plan. Further, exp. No. 45 C is excluded because of the very special 
character of the plants employed. The rest of the experiments (No. 1—4, 
and 42 A—-B) were not made with the present problem in view, and a sub- 
sequent classification of the plants would be open to objection. Thus, the 
data which may be submitted to an analysis of variance comprise a total of 
30 observations of each parameter. 

The classification of the samples in the three groups H, M, and X, is 
founded upon a gross qualitative Judgement based upon both the morpho- 
logical appearance of the plants and the ecological character of the locality 
from which they were taken. The validity of this judgement can be con- 
trolled to a certain extent by comparison of the dry-matter content of the 
plants employed, representing the only characteristic bearing upon morpho- 
logical structure, which was quantitatively determined in the present case. 
Even these data are not very accurate, because of the uncertainty introduced 
by the alcohol treatment of the samples (cf. p. 88). Instead of the actual 
dry-weights, we may equally well use the calculated values of K for analysis 
of variance. The average K-values for the 9 subclasses in question are given 
in table 56, and the results of the analysis of variance in table 57. 

It is evident from the magnitude of the variance ratio derived from the 
mean square for plant types, that the groups H, M, and X differ significantly 
with respect to dry-matter content. At the same time, the deviations between 
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Table 58. Duration of stomatal phase in relation to 
morphological and ecological differences between the 
objects. 


oo 


Morphological type 


Series No. H M x Mean 
(a) 14 16 5 
11 14 14 
11 14 9 
19 7 21 13.167 
(b) 26 14 18 
30 17 3 
21 12 3.5 16.056 
(c) 20 14 14 
22 10 14 
16 8 10 14.222 
Mean 19.00 12.90 31215 14.35 


Table 59. Analysis of variance of the data in table 58. 


Source of Variation Sum of Squares n Mean Square E 
Blantstypes, (IIeMIR) re seele: 339.650 2 169.8250 7.234 ! 
Seriess.(a,0D, „Clement er es 43.131 2. 21.5655 1.089 ? 
Interaction „u ere rss errors 261.794 4 65.4485 2.788 3 
Wathinrsubelassesen een see 493.000 21 23.4762 
ORALE 2 cube eee te 1 137.575 29 


1 F.oı=5.78 ? F.os — 19.44 3 F.05 = 2.84 


the three series are shown to be significant also. In particular, there is much 
less difference between the three individual samples in series (b), than in (a) 
and (c). This is in accordance with the qualitative impression referred to 
above. 

The duration of the stomatal phase (»induction period») in the same 
objects may be considered next. In order to facilitate the comparison between 
the subclasses, the original data (cf. tab. 55) are brought together in the 
following table 58. The results of the analysis of variance of these data are 
given in table 59. 

Since the mean square for plant types gives a variance ratio beyond the 
1 °/o point, we may conclude that significant differences exist between the 
samples with respect to the duration of the stomatal phase. In hygromorphic 
objects from moist and shady localities the closing reaction is delayed when 
compared with xeromorphic plants growing in dry and sunny habitats. The 
ecological importance of this difference is obvious. 
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Table 60. Duration of closing phase in relation to 
morphological and ecological differences between the 
objects. 


Morphological type 


Series No. H M X Mean 
(a) 176 138 87 
109 120 123 
194 147 183 
179 165 96 143.083 
(b) 184 196 90 
210 88 58 
199 103 80 134.222 
(c) 93 129 69 
151 118 59 
132 135 57 104.778 
Mean 162.7 133.9 90.2 128.933 


Table 61. Analysis of variance of the data in table 60. 


Soure of Variation Sum of Squares n Mean Square F 
lane types (Hs M, Xd can cs ore <a 26 651.267 2 13 325.634 13.537 1 
OPIESE( ASDC) Sale ee ee nen 7 905.839 2 3 952.920 4.016 ? 
INFETACHODER Serra ned ae 7 617.344 4 1 994.336 1.935 3 
Wathin subclasses. .....:..2..2...:...% 20 671.417 21 984.353 
TO Bora A EN 62 845.867 29 


Neither of ihe variance ratios derived from the mean square for series No. 
and the mean square for interaction attains the level of significance. The fact 
that Ihe difference between the series, i.e. different vapour pressure deficits, 
does not interfere with the duration of the stomatal phase, has already been 
discussed. The absence of interaction requires no comment. 

We may proceed to a similar treatment of the data related to the closing 
phase. The calculations are summarized in table 60 and 61. The figures of 
table 55 have been adjusted to whole numbers, since fractions of a minute 
cannot be given accurately. 

The variance ratio derived from the mean square for plant types is far 
above the 1 °/o point, and it seems quite safe to conclude, therefore, that the 
samples designated by the headings H, M, and X differ significantly with 
respect to the time required for completion of the closing reaction. Here 
again, the most rapid reaction occurs in the xeromorphic objects, as the 
theory of ecological adaptation would lead us to expect. 
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The variance ratio corresponding to the mean square for series lies within 
the border range of significance. Though a possible influence of differences 
of vapour pressure deficit on the duration of the closing phase is indicated, 
no definite conclusions can be drawn from the data included in the present 
analysis. We have shown previously, however, that a highly significant cor- 
relation results when the entire material is taken into account (p. 132). 

As in the analysis of the data in table 58, the mean square for interaction 
gives a variance ratio which is definitely not significant. 


Course of transpiration curve during the closing phase 


According to the theory advanced in chapter III, the effect of stomatal 
closing upon transpiration is measured by the curvature of the bended middle 
portion of the logarithmic transpiration curve (log G=f(t)). Hence, the 
rapidity of the closing reaction can be characterized by the curvature of the 
bend as well as by the duration of the corresponding period. 

A method of demonstrating curvature differences has been indicated in 
section A of the present chapter, where an example of different closing rates 
was given (p. 112). This method may now be developed further by means 
of another exampel, viz., obj. No. 309 (cf. exp. No. 22 A, p. 113). The data 
given in table 62 are obtained from a graphical derivation of the logarithmic 
transpiration curve (fig. 14). In this table, the slope of each of the tangents 
drawn is characterized by the quotient 


(log G), — (log G), 


= 1000: 
Vv 0 care (1) 


where t,, (log G),, and t,, (log G), represent the coordinates of two arbitrarily 
chosen points on the line. Hence: 


v=— 1000 : d(log G)/dt (2) 


Table 62. Graphical derivation of the transpiration curve obtained in obj. No. 309 


(ef. fig. 14). 
Time v Time Vv Time Vv Time Vv 
10.27.30 2.2000 10.47.30 0.6530 11.05.00 0.3273 11.22.30 0.2109 
‚32.30 1.5878 50.00 0.5714 .07.30 0.3013 .25.00 0.2043 
.35.00 1.3444 .52.30 0.5279 .10.00 0.2800 .30.00 0.1959 
.37.30 1.2161 .55.00 0.4656 .12.30 0.2617 35.00 0.1841 
.40.00 1.0077 .57.30 0.4437 .15.00 0.2453 .40.00 0.1762 
.42.30 9.8983 11.00.00 0.4028 .17.30 0.2323 -45.00 0.1670 


45,00 0.7786 02.30 0.3560 20.00 0.2215 - 55.00 0.1587 
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During the closing phase, v is decreasing from a constant value, V,» COr- 
responding to the stomatal phase, to another constant value, v., corresponding 
to the cuticular phase. Provided our theory holds true, the decrease of v must 
be due entirely to the gradual reduction of the morphological aperture of 
stomata. (This development is based upon the approximate equation 
d(logG) /dt=const., cf. p. 86). In order to obtain a convenient characteriza- 
tion of the relative magnitude of transpiration at any time during this process, 
a new conception must be introduced, viz., the effective stomatal aperture, 
which may be defined by the formula: 


æ— 100: tt (3) 

It follows from this definition, that «=100 °/o at maximum morphological 
aperture (stomatal phase), and «=0 at zero morphological aperture (cuti- 
cular phase), while any intermediate morphological aperture corresponds to 
a definite intermediate value of 4 (closing phase). In the present case, v, = 
2.2000, v, = 0.1587, and the data of table 62 can easily be converted into a 
corresponding table of «a. The resulting values are plotted against time in 
fig. 23. 

The form of the curve which can be fitted to the points, suggests an 
exponential function. When log a is plotted against time, the points are 
found to lie nearly exactly in a straight line. Thus, the graphical interpreta- 
tion of table 62 leads up to an equation of the following form: 

vee eb (t +k) (4) 


Here, b and k are constants, which can be determined when two sets of 
corresponding values of v and t are known. Let these values be t,, v,, and 
te, Vo. Then: 


loser) log Ne == Ve) 
ne log e (t,—t,) (5) 
pb ale fo lO Waser Kalt aan (6) 


log (v, = Vv ae Eh) 


By application of the formulae (5) and (6) to the data of table 62, we 
must choose an arbitrary point of origin for t, e.g. 10.40.00. Further, two 
sets of coordinates must be selected for determination of b and k: 


10.32.30 : t;= — 7.50, v,—1.5878 
11.05.00 :t,= 25.00, v.=0.3273 


By substitution of these values, we obtain: 
b=— 0.06576 k=2.0707 
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Exp. No. 22A 


80 Obj. No. 309 


70 


20 


11.20 10.40 11.00 10.20 11.40 12.00 


Fig. 23. Ordinate: Effective aperture of stomata (°/o). Abscissa: Time of the day. The 
points correspond to observed values (table 62), while the curve is derived from equation (8). 


Hence, the resulting equation is: 
V = 0.1587 + e— 0.06576 (t + 2.0707) (7) 


By combination of (7) and (3): 


100 - e— 9-06576 (t + 2.0707) 


2.0413 k (8) 


A graphical interpretation of equation (8) is given by the curve drawn in 
fig. 23. The curve is seen to fit the points derived from table 62 extremely 
well. In the present case, at any rate, the validity of the hypothesis repre- 
sented by equation (4) is thus established. j 

By integration of equation (4) an equation for the corresponding frag- 
ment of the original transpiration curve can now be derived. In general: 
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Ve: t eb (t+k) 


a is 
ge G = 8 10000: 1000 (9) 


where a is an integration constant. 

When the last term is omitted in equation (9), we obtain the equation of 
the straight line which represents transpiration during the cuticular phase. 
Hence, the integration constant, a, is equal to the ordinate of the point of 
intersection between this line and the ordinate axis (choice of time origin 
arbitrary). In order to determine a, the coordinates (t,, y,) of a single point 
on the line must therefore be known. In the present case, this line may be 
drawn through the point representing the weight observed at 13.02 o’clock, 
viz., t,=142, y, =2.9069, and we obtain a=2.9294. Equation (9) thus takes 
the form: 

e— 0.06576 (t + 2.0707) 


— 9 99 Be; [2 af 
log G=2.9294 -— 0.0001587 t-++ p= 


(10) 


When y=log G has been computed for the values of t corresponding to the 
points of the logarithmic transpiration diagram by means of equation (10), 
theoretical fresh-weight values corresponding to the original observations 
can be found by taking the antilogarithm and thereafter multiplying by 
449.3/1000, the initial fresh-weight of obj. No. 309 being 449.3 mg. The 
resulting values are given in table 63 below. 

In obj. No. 309, the curvature of the logarithmic transpiration curve during 
the closing phase can thus be adequately characterized by the coefficient 
b=— 0.06576. Evidently, the closing movement proceeds in such a way, that 
the actual magnitude of the effective aperture of stomata at any time during 
the closing phase is reduced at a constant rate (6.576 °/o per minute, 
da/dt: a=b). It remains to be seen, whether this rule holds good in general 
(i.e., in blueberry). In order to obtain information on this question, the 
calculation method just developed may now be applied to a greater number 


Table 63. Agreement between observed and calculated fresh-weights during the closing 
phase in obj. No. 309. 


ss ee nn 


Fresh-weight (mg) 


Time Calculated Observed Deviation 
1028 es 410.2 410.2 0 
ODA HE BS à 403.3 403.2 — 041 
BIETER ER ihe 394.7 394.5 — 0.2 
A ee 388.4 388.0 — 0.4 
ee RE 383.3 383.3 0 
116 SU es sect smalls 379.1 378.7 — 04 
ROM ee ate zh fe 374.4 374.5 + 0.1 


APIS), ci CES 368.9 368.9 0 
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of experiments. The curves previously employed for comparison between 
habitually different populations afford the best material for such a test, since 
they are derived from plants representing a wide range of structural varia- 
bility. For practical reasons a term must then be assigned to the coefficient 
under discussion. The term restriction coefficient (8), which includes the 
negative sign, will henceforth be employed to indicate the magnitude of b in 
percentage per minute (i.e. B=— 100 b). 

Of the 30 curves in question (exp. No. 5 A, 5 B, 5 C, 12 A, 14 A, 22 A, 45 A, 
45 B, 45 D), one must be excluded from the present treatment because no 
constant value of d log G/dt was obtained, viz. obj. No. 582 (exp. No. 45 D, 
cf. p. 123). In order to preserve an orthogonal table, one curve is further 
excluded in each of the parallel experiments No. 45 A and 45 B also, viz. 
obj. No. 583 and 592, so that 27 curves remain. 

The constants of equation (10) were found by graphical derivation of the 
logarithmic transpiration curve representing obj. No. 309 in fig. 14. This 
method is rather laborious and would not be practical in treating a greater 
number of curves. A more direct method will then serve the purpose, though 
it is perhaps less accurate. As mentioned above, the magnitude of a is given 


by the equation 
Ve’ te 


1000 


a= Ye ie (1 1) 
where t, and y, are the coordinates of an arbitrarily chosen point on the 
straight line representing transpiration during the cuticular phase. If, further, 
t, and y, are the coordinates of the transition point between the stomatal 
phase and the closing phase, the following formulae can easily be derived: 


ne ir an 
1000 va (12) 
000 Ur 000 


log (Vs — Ve) 
i ‘ 
b- loge 


ts (13) 


The magnitude of b is, of course, independent of the position of the origin 
of time, as is seen by combination of (11) and (12). In many cases it may be 
difficult to state the exact position of the point (t,, y,) by visual examination 
of the graph, and it may be necessary to make computed adjustments of the 
coordinates by taking other points of the curve into account. Even then, the 
computation of a, b and k by means of the formulae (11)—(13) requires less 
labour than the method employed above (obj. No. 309). On account of the 
adjustments mentioned, the time coordinates employed in the following tables 
to define the transition point between the stomatal phase and the closing 
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phase do not always agree completely with previous estimates of the dura- 
tion of the stomatal phase. 

In the following tables, which show the agreement between calculated and 
observed fresh-weight values in the 27 objects referred to above, the co- 
ordinates obtained from the experimental curve log G=f(t) are listed first, 
then the calculated values of a, b, and k, which define equation (9), and 
lastly, the calculated fresh-weight values compared with the observed weights. 


Table 64. Exp. No. 5 A. Obj. No. 21. Fitting of exponential equation for the closing phase. 


Time origin: 10.40 vs=1.5625 ve= 0.4579 ts==— 20, ys = 2.9719 te—=74, ye — 2.9081 
a=2.9120 b= —0.0533 k=—18.1 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
OVO ee 275.9 276.0 ae OI 
Os a ne TOUS 273.0 273.0 0 
ED He Neo See 255.7 256.2 + 0.5 
DT ee 246.2 246.7 + 0.5 
AS ae ee 238.3 238.2 — 0.1 


Table 65. Exp. No. 5 A. Obj. No. 24. Fitting of exponential equation for the closing phase. 


Time origin: 12.10 vs = 1.6818 ve = 0.4400 ts = — 22, ys — 2.9731 te — 137, Ye = 2.8597 
a= 2.9200 b——0.0286 k= 14.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
DS ent 383.8 383.3 — 0.5 
DSO Mea eee 351.4 353.0 + 1.6 
Ds setae felmeres 334.5 338.0 23:5 
LIT ere me. 321.9 323.7 + 1.8 
Ve ee 311.3 311.6 + 0.3 
PONS Sr como 301.5 301.2 — 0.3 


Table 66. Exp. No. 5 A. Obj. No. 27. Fitting of exponential equation for the closing phase. 


Time origin: 13.40 vs = 2.3600 ve = 0.2368 ts = — 28, ys = 2.9764 te— 140, ye = 2.8781 
a= 2.9113 b——0.0363 k = 7.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
0 EL RE diolore 323.3 322.8 — 0:5 
E20 Ed 319.1 318.4 — 0.7 
12.00. ne 289.3 288.4 — 0.9 
N event 280.2 280.7 10:5 
131008... Fand 274.2 274.4 02 


Eee un 269.2 269.0 — 0.2 
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Table 67. Exp. No. 5B. Obj. No. 22. Fitting of exponential equation for the closing phase. 


Time origin: 11.00 vs = 2.0862 ve == 0.2125 ts = — 19, ys—= 2.9812 te — 205, Ye— 2.8966 
a= 2.9102 b——0.0507 k=6.5 
eee 

Fresh-weight (mg) 
Time Calculated Observed Deviation 

WOT Sette oie 344.9 344.3 — 0.6 

A ein, 341.3 341.3 0 

DIN een: 338.2 338.2 0 
3 a APRES 320.8 320.8 0 

DD tete ars seta ozs 313.8 316.1 + 2.3 
VD ee 308.7 309.7 + 1.0 

DIE isin 304.1 304.2 + 0.1 


Table 68. Exp. No. 5 B. Obj. No. 25. Fitting of exponential equation for the closing phase. 


Time origin: 12.20 vs= 1.8158 ve= 0.1970 ts = — 10, Ys — 2.9855 te — 240, ye = 2.9100 
= )12199 13) b= 0.0617 ER 2 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
PR EE ee ke ok 368.9 368.9 0 
De td store Sok 365.4 365.2 — 0.2 
D0 Dee ET 362.5 362.7 0:2 
Dieser 360.0 361.0 = AO 
LOOT eurer 345.9 348.4 Sets 
13:28, merke 340.3 341.2 + 0.9 
Ao tei Sal en Stier aoc 335.5 335.5 0 


Table 69. Exp. No. 5 B. Obj. No. 28. Fitting of exponential equation for the closing phase. 


Time origin: 13.46 vs = 2.0000 ve = 0.2063 ts— — 10, ys = 2.9920 te= 225, Ye = 2.9137 
a= 2.9601 b=— 0.0599 k— 0.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
ISA een ances 348.4 348.2 — 0.2 
fe Rn Soin OC esc 345.0 345.0 0 
Ar ANS 342.2 342.0 — 0.2 
etc 339.7 340.4 10,7 
LOB ST ES sc 337.6 338.8 ae à 
EST wen 324.3 326.7 + 2.4 
VOLS ar 319.0 320.4 +14 


EEE 314.4 314.9 +05 


STUDIES IN PLANT TRANSPIRATION I 145 


Table 70. Exp. No. 5 C. Obj. No. 23. Fitting of exponential equation for the closing phase. 


Time origin: 11.26 vs= 1.9792 ve—0.1121 ts=— 12, Ys = 2.9763 te=150, ye= 2.9352 
a= 2.9520 b——0.0815 k— 4.5 


ne 
Fresh-weight (mg) 


Time Calculated Observed Deviation 
11S) [7 Eu BEN 234.6 235.0 + 0.4 
A NCIS 232.4 232.3 — 0.1 
LR Le OR AA 230.1 230.0 — 0.1 
DOS ere ne 223.4 223.8 + 0.4 
POP EEE. Re 221.3 221.3 0 


Table 71. Exp. No. 5 C. Obj. No. 26. Fitting of exponential equation for the closing phase. 
ts— — 10, ys= 2.9857 


Time origin: 12.54 vs= 1.1918 ve==0.1335 


a — 2.9721 


crie sise ses. 0 


b=— 0.0863 k— 9.3 
Fresh-weight (mg) 
Calculated Observed 

327.5 327.0 
325.1 325.0 
323.3 323.6 
3217 322.0 
314.2 315.0 
311.1 311.3 


Deviation 


0 
— 0.1 
+ 0.3 
+ 0.3 
+ 0.8 
+ 0.2 


te— 95, ye= 2.9594 


Table 72. Exp. No. 5 C. Obj. No. 29. Fitting of exponential equation for the closing phase. 


Time origin: 14.22 vs== 1.1538 ve== 0.1436 ts— — 11, ys=2.9908 te— 190, ye= 2.9470 
a= 2.9743 b= — 0.0677 k= 10.8 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
TA 356.2 356.2 0 
À LR CE 353.6 353.8 + 0.2 
À TRS ate isco cn 351.4 351.8 + 0.4 
DO nator tals a A 349.6 350.0 + 0.4 
Ee EA 348.1 348.3 + 0.2 
15022: 338.7 338.3 — 04 
SOO id RER EOIN 335.1 335.2 + 0.1 


10 
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Table 73. Exp. No. 12 A. Obj. No. 181. Fitting of exponential equation for the closing phase. 


Time origin: 10.20 vs== 1.4020 ve= 0.1560 ts—=—18, ys 2.9790 te— 210, Ye— 2.9247 
a=2.9575 b= — 0.0666 k==14.7 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
10.062... 20.1.2 Ir 370.8 370.4 — 0.4 
SE entree ieee 366.7 366.8 + 0.1 
Fi Ly Pe ON Pe Seca Ec 363.1 362.7 — 0.4 
DIN pera oe nen sce 360.5 360.8 + 0.3 
BEN en 358.1 358.5 + 0.4 
AUS igre Ceres 355.7 356.3 + 0.6 
DO aE ee 353.0 353.6 + 0.6 
PEDO ads ee 349.4 349.2 — 0.2 
De ae 346.3 346.0 — 0.3 


Table 74. Exp. No. 12 A. Obj. No. 184. Fitting of exponential equation for the closing phase. 


Time origin: 11.30 vs—1.9333 ve=0.0940 tt=— 17, ys = 2.9884 te= 203, Ye — 2.9452 
a=2.9643 b——0.0817 k— 9.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
hip ea LS ee 436.4 436.9 05 
Pa ee oc 429.8 431.0 +12 
ee 423.0 423.0 0 
SDS ee Shire octane 419.3 418.7 — 0.6 
BL eat ae oe 416.7 416.0 — 0.6 
AE Miva ay ne 414.1 413.2 — 0.9 
SOL were elon rons 411.9 411.7 — 0.2 
12.080.000 eco ane 409.7 409.6 — 0.1 


Table 75. Exp. No. 12 A. Obj. No. 187. Fitting of exponential equation for the closing phase. 


Time origin: 12.25 vs= 1.5714 ve—0.0963 ts = —13, ys= 2.9835 te— 91, yeo= 2.9525 
a== 2.9613 b——0.0704 k=75 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
RAA LR EU vanes 324.6 324.9 + 0.3 
Ad re re SE 319.5 319.0 — 0.5 
NBO. oma cathe 316.3 316.0 —0.3 
Le EN OL 313.9 314.0 + 0.1 
CAO Fe vcs ladys eee 312.4 312.0 — 0.4 
DO ne et RER 310.9 311.0 ap (al 
116 5 Hes aes cures 309.4 310.0 + 0.6 


RAO Mince. sere EN 308.2 308.2 0 


STUDIES IN PLANT TRANSPIRATION I 147 


Table 76. Exp. No. 14 A. Obj. No. 197. Fitting of exponential equation for the closing phase. 


Time origin: 10.00 vs= 1.8548 ve== 0.3029 ts— — 35, ys— 2.9536 te = 150, Ye = 2.8515 
a= 2.8969 b= — 0.0337 k= 22 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
OD ee 268.6 268.5 — 0.1 
ÉD ete de a 258.7 258.9 + 0.2 
RDO en mn en ve 248.4 248.1 — 0.3 
1020 na 236.4 236.9 + 0.5 
Dee 230.1 231.0 + 0.9 
MS DSP says en 221.7 2222 + 0.5 
1200 Desc mer 216.9 217.3 + 0.5 
ES OMe er et tes 212.4 212.3 — 0.1 


Table 77. Exp. No. 14 A. Obj. No. 201. Fitting of exponential equation for the closing phase. 


Time origin: 11.00 vs=1.8919 ve= 0.2938 ts— — 38, ys== 2.9584 te — 185, ye = 2.8064 
a == 2.8608 b— — 0.0185 = 1257 
Fresh-weight (mg) 
Time Calculated Observed Deviation 

NO 25 eg ee eyesore 299.7 299.8 + 0.1 
RO Oe Mee eters 288.4 287.9 — 0.5 
DOM mue 274.9 273.8 — 1.1 

LPO ES cancer 256.0 255.5 — 0.5 
AO se se 247.4 247.4 0 

LD OBS re we wee els 239.1 239.8 + 0.7 
DDR Sera es 231.4 231.5 + 0.1 

13:05 erie. re 225.1 225.0 — 0.1 
BD Nasa 219.6 219.0 — 0.6 

ROBE reste 214.7 214.0 — 0.7 
De die does 210.1 209.6 — 0.5 


Table 78. Exp. No. 14 A. Obj. No. 205. Fitting of exponential equation for the closing phase. 


Time origin: 11.50 vs = 2.2222 ve= 0.3077 ts=— 26, ys= 2.9478 te— 200, ye = 2.7960 
a=2.8575 b=—0.02333 k=— 1.9 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
I Dear 340.0 340.8 + 0.8 
OOM Meier ne eats 325.0 325.5 + 0.5 
N 307.9 307.1 — 0.8 
LD AO cho vs sia neues 292.1 291.3 — 0.8 
FAOW Mavs, ren 276.8 277.4 + 0.6 
AS AO. Sakae sath 266.6 267.9 + 1.3 
BA OR eee cs ais ee et 258.9 260.0 + 1.1 
1210, 00, eee 0 252.1 252.0 — 0.1 


AR A rate 246.6 246.2 — 0.4 


Table 79. Exp. No. 22 A. Obj. No. 305. Fitting of exponential equation for the closing phase. 


Time origin: 9.40 vs== 2.1597 ve= 0.2265 ts = — 30, ys= 2.9784 te— 224, ye = 2.8628 
a==2.9135 b=— 0.0333 k= 10.2 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
MOM fercescelscins ee 367.4 367.4 0 
DDR eects 360.5 360.5 0 
ee re Led 354.6 354.2 — 0.4 
SRE ee ot 349.3 348.4 — 0.9 
DR later te 342.6 341.3 — 1.3 
2B 1 eek 334.6 334.0 — 0.6 
D M einen Ce 327.8 327.5 — 0.3 
OO fe ren 320.7 321.6 + 0.9 
OR ae 312.2 313.9 art 
11:05, Dear ne ee 303.5 304.9 kA 
er 297.4 297.2 — 0.2 
Oe Sa Gene ce ou 290.3 290.7 + 0.4 


Table 80. Exp. No. 22 A. Obj. No. 313. Fitting of exponential equation for the closing phase. 


Time origin: 11.50 vs= 2.2660 ve= 0.1393 ts— — 18.5, ys—2.9739 te= 124, ye = 2.9231 
a=2.9404 b——-0.0687 k— 7.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 

PERTE De ec 368.7 369.1 + 0.4 
HS OS ORD € 363.0 363.1 + 0.1 
1) N ia 358.6 358.0 — 0.6 
HS en cet 353.8 352.9 — 0.8 
ec 349.0 348.5 — 0.5 

12:07 Roe Oe 345.7 345.8 04 
BEN. 342.9 343.6 204 
BO 340.7 341.2 +05 
DON sick aise 339.0 339.8 + 0.8 

LOTO ASS rue 336.8 336.8 0 


Table 81. Exp. No. 45 A. Obj. No. 579. Fitting of exponential equation for the closing phase. 


Time origin: 9.40 vs=1.9014 ve==0.3435 ts—— 32, ys— 2.9848 te— 170, Ye = 2.8672 
a= 2.9256 b= — 0.0323 k=—18.3 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
AOF Sc eer 423.1 423.0 — 0.1 
Pense eae 414.9 414.5 — 0.4 
AD er 401.7 400.3 — 1.4 
RS ars 391.6 391.1 — 0.5 
WOOL Ml tan PRS ca 380.1 381.9 eS 
10.208 es eee 364.7 367.5 DIS 
CADE PR à . 355.4 357.8 + 2.4 
LORS 347.8 349.8 + 2.0 
HO see 341.7 342.6 + 0.9 


12.008 si nm 333.4 333.5 +01 
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Table 82. Exp. No. 45 A. Obj. No. 587. Fitting of exponential equation for the closing phase. 


Time origin: 11.30 vs= 2.1400 ve 0.2904 ts==— 23, ys = 2.9850 te— 260, ye = 2.8500 
a= 2.9168 b——0.0301 k= 2.6 


RS 
Fresh-weight (mg) 


Time Calculated Observed Deviation 
LIRIO Paces cee 355.6 355.5 — 0.1 
LD eee ON 348.1 348.2 + 0.1 
DT de ns on he 336.0 336.7 + 0.7 
£55 15) SCR HCHO secu 326.7 328.3 + 1.6 
DO ocre con 316.3 319.7 + 3.4 
IT se __ 806.7 310.9 +42 
AO ee ee 296.8 300.2 + 3.4 
ER atera a et 289.5 291.8 23 
AOR SS Se ee 283.1 283.9 + 0.8 
PS sn 277.3 277.2 — 0.1 


Table 83. Exp. No. 45 A. Obj. No. 591. Fitting of exponential equation for the closing phase. 


Time origin: 12.50 vs=1.4718 Ve=0.3400 ts—=— 18, ys= 2.9783 te—116, yc=2.9030 
a= 2.9424 b= — 0.0386 k= 14.7 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
| WIS) eis sven: 427.9 427.6 — 0.3 
AO. ca 414.1 413.9 — 0.2 
DOM ne doc nn: 404.2 404.6 + 0.4 
LOUE sem 08; 394.6 395.0 + 0.4 
A nes rase 385.6 386.0 + 0.4 
DAR ob 378.3 378.2 — 0.1 
TA AGB Sooo. ois cpr 371.1 370.8 — 0.3 
CAG Fee eue 362.2 362.1 — 0.1 


Table 84. Exp. No. 45 B. Obj. No. 580. Fitting of exponential equation for the closing phase. 


Time origin: 9.30 vs=1.6000 ve—0.1263 ts— — 19, ys— 2.9840 te— 121, ye— 2.9412 
a=29565 b=— 0.0587 k— 12.4 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
OA ats i. rer 269.2 269.2 0 
OL a RE Brae 264.9 264.8 — 0.1 
POST OR FOS ACE 259.1 258.6 — 0.5 
SC ee 255.6 256.2 + 0.6 
DE eco ere 252.6 253.6 + 1.0 
LODE ea las ae os 249.2 250.5 + 1.3 
NT Ses CORSA INE 247.2 247.9 + 0.7 


N oe Cow ec 243.9 243.9 0 


150 GEORG HYGEN 


Table 85. Exp. No. 45 B. Obj. No. 584. Fitting of exponential equation for the closing phase. 


Time origin: 10.30 vs—1.4750 ve= 0.1634 ts=-— 17, ys= 2.9823 te— 96, ye== 2.9474 
a= 2.9631 b — — 0.080 k= 13.6 
ene 

Fresh-weight (mg) 
Time Calculated Observed Deviation 

TS RE cc 403.7 403.6 — 0.1 

26 an 395.7 396.2 + 0.5 

ESO whe ee 391.3 392.4 ae lilt 

DL. CE 387.5 389.0 am 
CES POP =. LE 382.4 383.5 an cel 

IN DO 379.6 380.0 + 0.4 
1206 ::::-: 000 376.0 376.0 0 


Table 86. Exp. No. 45 B. Obj. No. 588. Fitting of exponential equation for the closing phase. 


Time origin: 11.30 vs— 1.0300 ve= 0.1524 ts—— 23, ys— 2.9938 te— 161, ye= 2.9457 
a= 2.9702 b——0.0437 k= 26 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
| DS Oy eer en an a a 474.2 474.2 0 
2G). s re 469.7 470.0 20.83 
nk 462.9 463.2 + 0.3 
BON. aan 458.0 459.5 sim ae 
Ht Rare 452.7 454.4 = ill rl 
D2eUL ee ent 447.8 449.6 + 1.8 
N SEN 442.2 443.3 ee! 
1A I En sen 437.3 437.7 + 0.4 


Table 87. Exp. No. 45 D. Obj. No. 586. Fitting of exponential equation for the closing phase. 


Time origin: 10.33 vs= 0.8025 ve= 0.1773 ts——13, ys— 2.9864 te— 215, ye — 2.9310 
a= 2.9691 b=—0.0417 k= 24.3 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
TODSL a aro 348.4 348.6 mm Le 
SO EN eu 344.1 343.6 — 0.5 
ES PRE se 339.3 339.0 — 0.3 
10155) eur. 10e 333.1 333.6 + 0.5 
PS ar 330.0 330.1 + 0.1 
12108... on ey) 326.4 326.3 — 0.1 
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Table 88. Exp. No. 45 D. Obj. No. 590. Fitting of exponential equation for the closing phase. 


Time origin: 11.23 vs— 0.8842 ve= 0.1137 ts—— 11, ys= 2.9920 te—200, ye= 2.9386 
a= 2.9613 b——0.0262 k= 20.9 
Fresh-weight (mg) 
Time Calculated Observed Deviation 
LTD te see 362.0 361.7 — 0.3 
RS ne se dame ne 358.6 358.9 + 0.3 
AO ER ER See 352.9 353.8 + 0.9 
IS Age cee ae Sl 348.4 349.0 + 0.6 
DIE laser 343.3 343.7 + 0.4 
3 rer ees 338.2 337.9 — 0.3 
BABIES ae ee 333.1 333.0 — 0.1 
LS I eee eee 329.3 329.3 0 
ABER ET 326.3 326.3 0 
UN 3ER ER 323.5 323.4 — 0.1 
AI tte pe 320.9 320.8 — 0.1 


Table 89. Exp. No. 45 D. Obj. No. 594. Fitting of exponential equation for the closing phase. 


Time origin: 12.50 vs= 0.5600 ve= 0.0963 ts= — 12, ys= 2.9891 te= 145, ye = 2.9628 
a= 2.9768 b=— 0.0416 k= 30.5 
Fresh-weight (mg) 
Time Calculated Observed Deviation 

PSN PRO TEE 446.3 446.0 — 0.3 
HUE nas to RE 438.6 438.6 0 

DORE er done 435.0 435.1 + 0.1 

AREAS SN oe 432.8 432.8 0 
LATE. ve even Buds 429.4 429.2 — 0.2 

pe SR Se ee = oo 426.5 426.5 0 


A discussion of the deviations listed in the preceding tables requires an 
approximate knowledge of the magnitude of the errors involved in measure- 
ments and computations. The weighing errors have been estimated at +0.2— 
0.3 mg on an average, but under unfavourable circumstances greater errors 
may sometimes occur. 

The constants employed in calculating a, b, and k, are v,, v,, t,, y,, and 
t., y.. The values of v, and v,, which define the slope of the rectilinear frag- 
ments of the logarithmic transpiration curves, have been put down with four 
decimals, though the last ones are rather uncertain in some cases, when the 
straight lines involved are defined by a few points only. The difficulties en- 
countered in determining the coordinates of the transition point between 
the stomatal phase and the closing phase (t,, y,) have been discussed above. 
The coordinates t,, y, determine a point on the rectilinear fragment of the 
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curve corresponding to the cuticular phase. The accuracy of the values 
obtained therefore depends upon the number and relative position of the 
points available for definition of this curve fragment. 

Because of the complexity of the relation between the constants enumerated 
here, and the fresh-weight values finally computed from them, we cannot 
attempt an exact determination of the accuracy of the weight figures. By 
means of tentative calculations, however, it is possible to obtain a fairly 
good estimate of the magnitude of the errors which are likely to occur. By 
this method, I have come to the conclusion that deviations of about +0.5— 
1 mg from the calculated fresh-weight values cannot, in general, be con- 
sidered significant. 

In examining the preceding tables, it is seen that the deviations between 
calculated and observed values keep within these limits in about one half 
of the curves. In some cases, however, much greater deviations occur. A table 
of the maximum deviations may facilitate the survey: 


Table 90. Maximum deviations in mg between calculated and observed fresh-weights in 


table 63—89. 
Exp. No. Obj. No. Dev. Exp. No. Obj. No. Dev. Exp. No. Obj. No. Dev. 
5A 21 0.5 12 A 181 0.6 45 A 579 2.8 
24 3.5 184 1.2 587 4.2 
27 0.9 187 0.6 591 0.4 
5B 22 2.3 14 A 197 0.9 45 B 580 1.3 
25 2.5 201 1.1 584 1.5 
28 2.4 205 1.3 588 1.8 
5C 23 0.4 22 A 305 1.7 45 D 586 0.5 
26 0.8 309 0.4 590 0.9 
29 0.4 313 0.8 594 0.3 


On the whole, the agreement between the experimental curves and the 
exponential curves. defined be equation (9) seems too close to be explained 
away as an accidental coincidence. However, since the intimately related 
processes of transpiration decline and stomatal closing are both highly 
susceptible to the influence of a great number of external and internal factors, 
equation (9) can only be expected to be valid under constant experimental 
conditions. The question arises, therefore, whether factors, which have not 
been taken into account so far, have interfered with the course of the curves 
in some cases. 

It has previously been stated, that the vapour pressure deficit of the 
atmosphere could not be kept constant during the experiments. The magni- 
tude of the changes which actually took place, varies from experiment to 
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experiment. It has further been shown above, that the duration of the closing 
phase depends to some extent on the magnitude of the vapour pressure deficit. 
Obviously, therefore, changes of vapour pressure deficit during the closing 
phase affect the course of the transpiration curve. If a number of homo- 
geneous objects were investigated at slightly different, but completely con- 
stant temperature and humidity conditions, different curves would thus 
result. Provided each of the curves could be accurately characterized by 
means of equation (9), a number of different values of the restriction coef- 
ficient would be obtained. Thus, if we assume equation (9) to be valid under 
constant conditions, a change of vapour pressure deficit during the closing 
phase would involve a corresponding alteration of the restriction coefficient. 
If equation (9) were applied to a transpiration curve obtained under such 
conditions, the calculated. restriction coefficient would be an approximate 
mean value of the coefficients corresponding to the lowest and highest vapour 
pressure deficits occurring during the closing phase. The greater this varia- 
tion range, the less accurately would equation (9) fit the observations. 

A second source of deviation from the regular course of the transpiration 
decline must also be mentioned, viz., the possible occurrence of surface 
desiccation effects (cf. p. 84). If the rate of evaporation from the plant sur- 
face exceeds the rate of centrifugal diffusion of water within the object, the 
water content of the outer layers must decrease more rapidly than the water 
content of the interior tissues (cf. Michaelis 1934, Gäumann and Jaag 1936). 

Our equations have been developed under the assumption of a uniform 
distribution of water throughout the object, whereby the total water content 
can be employed as an approximate measure of the water concentration in 
the surface layer. When the water deficit of this layer markedly exceeds the 
water deficit of the interior tissues, these equations are, of course, no longer 
valid. The transpiration rate will then be determined by the water deficit 
of the surface layer, and the transpiration decline must therefore proceed 
more rapidly than it would if the homogeneity of the object were maintained. 
If the fresh-weight values are considered, the experimental values must show 
an increasing positive deviation from the theoretical curve with increasing 
surface desiccation. 

The maximum rate of water diffusion within the object depends, primarily, 
upon the resistances encountered along the diffusion path, and upon tempera- 
ture. The critical transpiration rate, which corresponds to this maximum rate, 
must therefore be expected to depend both upon temperature and upon the 
structure of the object. 

In general, high temperatures will tend to favour diffusion and thus in- 
crease the critical transpiration level. The lower the temperature, the slower 
can transpiration proceed without producing surface desiccation. 
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The structural diffusion resistance must be closely related to the average 
cell size, which is usually much smaller in xeromorphic plants than in 
hygromorphic individuals of the same species. Hence, the critical transpira- 
lion rate, which determines the occurrence of surface desiccation, must be 
expected to lie at a higher level in the latter case, otherwise identical condi- 
lions granted. 

We may now proceed to a closer examination of the deviations occurring 
in the experiments under discussion. The absolute magnitude of the devia- 
tions must then be seen in relation to the actual transpiration rate during 
the appropriate period, since the same change of conditions will produce the 
numerically greatest deviations in rapidly transpiring plants. 

A considerable increase of vapour pressure deficit occurs during the closing 
phase of the objects included in exp. No. 5 A—C and No. 14 A. A quantita- 
tive agreement between the magnitude of this increase and the observed 
deviations cannot be expected, but it can be demonstrated by tentative cal- 
culations that the increase is sufficiently great to account for deviations of 
the order of magnitude observed. A few special points deserve to be men- 
tioned: 

In experiment No. 5 A, the most conspicuous deviations are found in obj. 
No. 24. According to table 65, the closing phase occurred in this case between 
11.53 and 14.27. An examination of the temperature and humidity data 
shows that a comparatively rapid rise in the vapour pressure deficit of the 
atmosphere took place during the first half of this period (11.53—13.10). 
The total increase amounts to 0.53 mm, while the increase in vapour pressure 
deficit during the corresponding period in the case of the other two objects 
is found to be 0.18 mm and 0.23 mm respectively. This seems to account 
for the difference between the parallel objects. 

In exp. No. 5 B, maximum deviations of practically equal magnitude occur 
in the three parallel objects. There is no great difference between the course 
of the vapour pressure deficit curves in the three cases either, and the magni- 
tude of the rise seems to afford a satisfactory explanation of the deviations. 

In object No. 23 (exp. No. 5C), only a relatively slow increase of vapour 
pressure deficit took place during the closing phase, but in the remaining 
two objects (No. 26 and 29), the rise of vapour pressure deficit is of the 
same order of magnitude as in exp. No. 5 B. When the deviations from the 
theoretical curve are, none the less, relatively insignificant, this may possibly 
be explained by the lower transpiration rate. Thus, the parameter v,, which 
measures the slope of the logarithmic curve during the stomatal phase, varies 
around 2.0 in exp. No. 5 B against ca. 1.2 in obj. No. 26 and 29. 

In exp. No. 22 A, a fairly rapid decrease of vapour pressure deficit took 
place at the beginning of the experiment, affecting the closing phase of the 
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first object only, viz. obj. No. 305. This may explain the greater deviations 
occurring in this object when compared with the parallel objects No. 309 
and 313. 

The deviations occurring in exp. No. 12 A are comparatively slight, in 
accordance with the inconspicuous rise of vapour pressure deficit which took 
place during this experiment. In experiment No. 45 on the other hand, con- 
siderable deviations occur even though the vapour pressure deficit of the 
atmosphere rose very slowly during the greater part of the observation period. 
The most pronounced deviations occur in the first two objects of exp. No. 
45 A (obj. No. 579 and 587). In this case, a high transpiration rate was main- 
tained at a relatively low temperature (ca. 17° C). It may therefore be that 
surface desiccation effects are responsible for the deviations. This supposi- 
tion is further strengthened by the fact that only insignificant deviations 
occur in the third object of this series, viz., obj. No. 591, which shows a 
considerably lower transpiration rate than the other two (v,=1.47 against 
1.90 in obj. No. 579 and 2.14 in obj. No. 587). 

In exp. No. 45 B the initial slopes of the transpiration curves are also 
much less steep than in obj. No. 579 and 587, but even so, the possibility of 
surface desiccation effects cannot be excluded, since the objects in this case 
were of an intermediate type probably characterized by somewhat greater 
internal diffusion resistance than the more hygromorphic objects of exp. 
No. 45 A. Since the deviations are much smaller in exp. No. 45 B, however, 
it is possible also that they may be accounted for by the slight rise of vapour 
pressure deficit which took place during the closing phase in this experiment 
as well. In exp. No. 45 D, finally, the agreement between observed and cal- 
culated values is fairly close, the transpiration rate obviously not exceeding 
the critical limit beyond which surface desiccation may occur. 

On the whole, then, the deviations registered in table 63—89 may be 
ascribed to lack of precision in the experimental procedure, viz., incomplete con- 
trol of temperature and humidity, and inadequate measures to avoid surface 
desiccation. We may conclude, therefore, that the validity of equation (9) is 
not disproved by the evidence presented, and it may serve as a useful working 
hypothesis by further investigations of the mechanism of the stomatal appa- 
ratus. Thus, a comparison of the decline of the effective aperture registered 
by the present method, with the simultaneous reduction of the morphological 
aperture of the stomata might present significant data with bearing upon 
the much discussed »perimeter law». 

The question with which we are concerned at present, however, is whether 
the calculated exponential equation can be fitted to the observations with 
sufficient accuracy to warrant the use of the restriction coefficient as a 
measure of the closing velocity. In my opinion, this question must un- 
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Table 91. Restriction coefficients in relation to mor- 
phological structure. 


———————a ee rn ann se sms 


Morphological type 


Series No. H M X Mean 
(a) 32 5.9 4.2 
3.0 8.0 2.6 
3.8 4.4 4.2 4.367 
(b) 3.4 33 6.7 
1.9 6.6 8.2 
2.3 6.9 7.0 5.144 
(e) 5.3 5.1 8.2 
2.9 6.2 8.6 
3.6 6.0 6.8 5.856 
Mean 3.267 5.822 6.278 5.122 


Table 92. Analysis of variance of the data in table 91. 


Source of Variation Sum of Squares n Mean Square F 
Plant types (H, MX) scene 47.41556 2 23.70778 17.375 1 
Seriese (By SD OC) ee ee ee er 9.98222 2 4.99111 3.658 ? 
MECEACHION eters sitet) ote este anes ae 24.52889 4 6.13222 4.494 3 
Within subclasses ............:........ 24.56000 18 1.36444 
DOTA eae Ne aes sn ee ee whee aE 106.48667 26 


doubtedly be answered in the affirmative, since the deviations discussed 
above will not interfere seriously with the results. However, it would be 
premature to generalize too freely. So far, we are dealing exclusively with 
blueberry plants from a very restricted area, and our conclusions can be 
applied only to experiments performed by the method described in the present 
paper. The results so far obtained, indicate that changes of temperature and 
humidity should not be allowed to occur during the experiments, and that 
temperature and humidity should be mutually adjusted so as to preclude 
surface desiccation. 

A survey of the restriction coefficients computed above is given in table 91. 
The analysis of variance of these data (table 92) again brings out an F-value 


for variation between plant types far beyond the 1 °/o point (cf. table 61, 
p. 137). 


Course of transpiration curve during the cuticular phase 


When the logarithmic transpiration curves given in section A of the present 
chapter are surveyed, it is seen that the points obtained during the cuticular 
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phase in most cases lie nearly exactly on a straight line (cf. fig. 3, 4, 6, 11, 
12, 15, 16, 19, 20, and table 18, p. 102). Deviations exceeding the weighing 
error occur only in a comparatively small number of the curves, and then 
primarily during the final stage of the experiment. 

These deviations cannot, in general, be fully explained in terms of acci- 
dental changes of external factors, such as temperature, humidity, etc., 
during the experiment, even if these factors may be involved in certain cases. 
In exp. No. 1, for example, the connection between the deviations registered 
between 12 and 13 o’clock in obj. No. 1 and 2 (fig. 2, p. 93), and the simul- 
taneous changes of wind velocity, relative humidity, and temperature seems 
obvious (cf. fig. 1 A—-B, p. 92). 

Otherwise, the errors inherent in the approximate calculation method 
employed, as well as the possible occurrence of surface desiccation effects 
might be expected to exert their influence in the same sense as previously 
discussed (p. 152). Both these factors would cause positive (upward) devia- 
tions from the rectilinear curve, i.e. an accelerated transpiration decline 
compared with the hypothetical values. Distinct, though relatively small 
deviations in this direction are found in the following 14 curves: fig. 7, obj. 
No. 18, 19, and 20, fig. 8, obj. No. 21 and 22, fig. 9, obj. No. 25, fig. 10, 
obj. No. 27 and 28, fig. 14, obj. No. 309 and 313, fig. 17, obj. No. 591, fig. 18, 
obj. No. 584 and 588, fig. 20, obj. No. 582. 

Even if it is not possible to estimate quantitatively the relative importance 
of the factors involved in these deviations they can be accounted for in a 
general way by the effects mentioned. As an example, the three curves of 
fig. 7 (p. 101) may be chosen for a more detailed examination. It may be 
recalled that the deviations which occur in these curves during the cuticular 
phase follow a pronounced increase in the vapour pressure deficit of the 
atmosphere (cf. p. 100). The adjustment which can be obtained in these 
curves by using the equation d(log (G-K))/dt=const., instead of the approxi- 
mate equation d(log G)/dt=const., can be evaluated from table 93. 

Even if a distinct improvement in the fitting of the curves is obtained 
when the transpiration loss is referred to water content instead of fresh- 
weight, significant differences between observed and calculated values are 
still apparent during the latter part of the period in question (column 7). As 
previously emphasized (p. 104), these deviations go in the opposite direction 
to the changes which might be expected on purely physical grounds, as a 
result of the rising vapour pressure deficit. Hence, the rate of evaporation 
proper cannot be the limiting factor of transpiration in this case. 

Since stomatal regulations are excluded also, it seems reasonable to con- 
clude that an initial surface desiccation must be involved. We may presume, 
then, that the rapid rise in vapour pressure deficit from the already relatively 
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Table 93. Goodness of fit of rectilinear curve fragments corresponding to the cuticular 
phase in obj. No. 18, 19, and 20 (exp. No. 4). 


Column headings: 


(1) — Time of observation. 

(2) -— Observed weight. 

(3) —— Observed weight reduced to 1000 mg initial fresh-weight. 

(4) — Weight figures calculated from the slope of a straight line drawn by hand on the 

diagram log G/t (cf. fig. 7). 

(5) — Difference between the weights of column (3) and (4). 

(6) — Weight figures calculated from the slope of a straight line drawn by hand on the 
diagram log (G—K)/t. 

(7) — Difference between the weights of column (3) and (6). 

(Weight figures in mg.) 


i) 


He 


A. Obj. No. 18. K=339. 


(1) (2) (3) (4) (5) (6) (7) 
1438... N nore) Mise ats ates 417.3 864.0 864.1 — 0.1 864.1 — 0.1 
DON er te ce 413.8 856.7 856.5 02 856.5 + 0.2 
Med OO paren roy ler Dekan: 411.9 852.8 851.7 a à | 851.6 Eu.2 
NE 408.3 845.3 845.3 0 845.3 0 
BO what oscar ED. 406.1 840.8 841.3 — 0.5 841.3 — 0.5 
EC PINS RESTE RES DEC RES 402.8 834.0 833.9 20 834.0 0 
109 Gis come Hone tn co oon 401.0 830.2 830.3 — 0.1 830.4 —0.2 
ELBE 396.0 819.9 819.4 + 0.5 819.8 + 0.1 
PO RE ce 391.1 809.7 808.7 + 1.0 809.4 + 0.3 
SO nee ose 386.0 799.2 798.1 | 799.2 0 
NBO irate ee ee 382.0 790.9 787.7 +32 789.3 u a) 
SR ee ee ort. 378.0 782.6 777.4 + 5.2 779.5 a 2) 


(1) (2) (3) (4) (5) (6) (7) 
ROSE Ce de uen 278.1 835.6 836.0 — 0.4 836.0 — 0.4 
RTS TN ne 275.2 826.9 826.9 0 826.9 0 

DOM ne Mie aii eee 273.1 820.6 821.7 — 1.1 821.7 — 1.1 
OMe A Re en ENT Teen ns 270.0 811.3 812.2 — 0.9 812.5 == 12 
LOLOS PMR leere 268.5 806.8 807.5 —0:7 807.9 1.1 
DIE ra nr, OI wees 264.7 795.4 793.7 ste 7 794.5 + 1.0 
EUS yc al Rust 261.0 784.3 780.0 + 4.3 782.5 1.8 
De ara Wes, OR hors 257.2 772.8 766.6 + 6.2 768.8 + 4.0 
SLOG IRs rier MMe se va ises oh eye. 254.2 763.8 753.4 + 10.4 736.5 + 7.6 
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Table 93 C. Obj. No. 20. K=342. 


(1) (2) (3) (4) (5) (6) (7) 

15.37 Er asc ine sepsis 312.4 837.5 839.1 — 1.6 837.5 0 
BR STE Es 307.7 824.9 824.9 0 823.9 + 1.0 
NGO TRE dre meeese 304.2 815.5 818.0 — 2.5 817.2 — sli 
Serge ee aes ols sects oe, SOE 297.2 796.8 797.4 — 0.6 797.8 —— 16 
COLE TES EHER aod ener a 290.8 779.6 777.4 + 2.2 779.1 + 0.5 
Bee ere OS SALE 284.2 761.9 757.8 A 761.2 + 0.7 
SZ en 278.9 747.7 738.8 248.9 744.0 + 3.7 


high value of 7.75 mm at 15.30 o’clock to about 9.5 mm an hour later may 
have been sufficient to disturb the dynamic equilibrium between evapora- 
tion and outward diffusion within the object. 

Surface desiccation effects can be produced only under conditions which 
favour a comparatively rapid transpiration, and the higher the transpiration 
rate, the more likely are such effects to occur. Two plant objects transpiring 
at different rates may, therefore, under certain circumstances be oppositely 
affected by an increase of vapour pressure deficit, a negative deviation 
(accelerated transpiration) being induced in the slowly transpiring object, 
while a positive deviation (retarded transpiration) may take place simul- 
taneously in the other object as a result of surface desiccation. Exp. No. 5, 
where a gradual increase in vapour pressure deficit took place during the 
later part of the cuticular phase, might well be a case in point. Here, slight 
negative deviations occur in the slowly transpiring xeromorphic objects No. 
23 and 26, while positive deviations are registered simultaneously in the 
more rapidly transpiring objects No. 21, 22, and 25 (cf. fig. 8—9, p. 106). 

In order to obtain more information on the operation of the surface desicca- 
tion mechanism, the cuticular transpiration would have to be extensively 
studied under different conditions. We shall return to this question in a 
later paper. In the present connection the salient points are, that significant 
deviations. from the rectilinear course of the curve occur only in a minority 
of the objects, and then only during the latter part of the observation period. 
Evidently, these discrepancies do not interfere with the calculation of trans- 
piration parameters, as described in previous chapters. Moreover, the occur- 
rence of such deviations is in close agreement with the general transpiration 
decline theory from which our methods have been derived. 


Reduction of data to standard conditions 


During a small number of the first experiments with blueberry described 
in section A, the evaporation from green blotting paper strips soaked in 
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distilled water was measured for the purpose of subsequent standardization 
of transpiration. However, the inadequacy of this method soon emerged from 
the examination of the curves (e.g. fig. 4, p. 98), and these measurements 
were later abandoned. Instead, the reduction of the transpiration data has 
been carried out on the assumption that a linear relation exists between trans- 
piration rate and vapour pressure deficit. Before we turn to a discussion of 
the figures obtained, the validity of this reduction method must be more ~ 
closely examined. 

The vapour pressure deficit which enters into the assumed relation is 
supposed to be the so-called physiological saturation deficit, which can be 
accurately computed only when both the temperature of the leaf surface and 
the temperature of the surrounding atmosphere are exacily known. In the 
present case, an approximate value of the physiological saturation deficit 
has been estimated from the atmospheric saturation deficit by deduction of 
5 %o (cf. p. 82). The magnitude of the atmospheric vapour pressure deficit 
at the time of any experiment was determined by the weather conditions 
which happened to prevail during the measurements. Thus, no systematic 
relation could possibly arise between structural differences of the various 
objects and the magnitude of the saturation deficit by which the transpira- 
tion rates were determined. If, therefore, a sufficiently large number of 
experiments was made, no significant correlation is to be expected between 
the reduced transpiration rates and the corresponding values of the atmos- 
pheric saturation deficit. An analysis of this correlation thus affords a test 
of the validity of the reduction method. 

In the present case, only a limited number of experiments is available, and, 
moreover, the value of the material is depreciated by the fact that the objects 
were not chosen at random. On the contrary, plants from extreme localities 
were purposely selected for a couple of experiments to give an indication of 
the total range of variability. As a result of the small number of determina- 
tions which were made with these extreme types, an accidental coincidence 
of extreme transpiration and a certain vapour pressure deficit might introduce 
a serious bias in the frequency distribution. This applies especially to the 
two experiments which were made with plants from extremely dry and sunny 
localities (exp. No. 5 C and 45 C—D), and which showed very low values 
of the transpiration rate during the stomatal phase. The 12 objects employed 
in these experiments will, for this reason, not be included in the present 
analysis. Further, the results of exp. No. 1, which was performed outdoors 
in windy conditions, must be excluded also. The frequency distribution of the 
remaining 48 values of E, and E, is shown in fig. 24. 

Because of the apparent skewness of distribution in E,, these values are 
not too well adapted to the present purpose. The distribution of E,, on the 
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Fig. 24. Ordinate: Number of observations. Abscissa: Transpiration rate (mg/g/min.). 
Explanation in the text. 


other hand, is fairly symmetrical, and seems to afford more consistent mate- 
rial for regression analysis. Theoretically, of course, the relation between 
transpiration rate and saturation deficit might be supposed to be significantly 
different in the two cases, but this possibility will not be discussed here. We 
shall assume that the function which expresses the dependence of transpira- 
tion upon the magnitude of the physiological saturation deficit is of the same 
form whether the transpiration rates corresponding to the stomatal phase 
or to the cuticular phase are considered. 

The 48 observation pairs constituted by the values of E, included in fig. 24 
and {he corresponding average values of the atmospheric saturation deficit 
during the respective periods are presented in the paint diagram of fig. 25. 
If the hypothesis upon which our reduction method is based, were correct, 
these values would not be correlated. Apparently, however, a negative cor- 
relation is indicated by the distribution of the points. If this correlation can 
be shown to be statistically significant, we may consider the hypothesis in 
question unlikely. 

By application of the statistical tests of significance, special caution is 
required in the present case, because of the obvious interdependence of the 
values obtained in a single experiment (day), when only gradual changes of 
the saturation deficit occur. If an exact expression of this interdependence 
could have been obtained, the number of degrees of freedom with which the 
tables are to be entered, must have been correspondingly reduced. At any rate, 
a certain undervaluation of P must result when the tables are entered with 
the degrees of freedom corresponding to independent determinations. (For 
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Fig. 25. Ordinate: Transpiration rate during the stomatal phase (mg/g/min.). Abscissa: 
Atmospheric vapour pressure deficit (mm). 


definitions of the statistical symbols employed in this paper, we may refer 
to the well-known books of Mather (1946) and Snedecor (1946).) 

When a straight regression line is computed from the data of fig. 25 by 
the method of least squares, we obtain the equation: 


Y =3.80 — 0.422 (x -— 5.06) (1) 


(Additional decimals employed in the calculations are left out as irrelevant.) 
If we divide the numerical value of the regression coefficient by its estimated 
standard deviation, we obtain t=5.44, a value which corresponds to a P of 
less than 0.001 with 46 degrees of freedom. Even when the possible effect 
of the interdependence discussed above is taken into account, this result holds 
good, since when P=0.001, t is less than 5.44 when the number of degrees 
of freedom exceeds 6. The same conclusion might be derived also by way of 
the correlation coefficient r=0.911 against r.,,=0.365. The correlation indi- 
cated by fig. 25 is, therefore, definitely significant, a fact which seems to 
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Fig. 26. Ordinate: Transpiration rate (mg/g/min.). Abscissa: Atmospheric vapour pressure 
deficit (mm). 


invalidate the assumption of proportionality on which the reduction has 
been based. 

In order to see whether a better method of reduction suggests itself, we 
may examine the distribution of the unreduced values (Es), with respect to 
the corresponding values of the atmospheric saturation deficit. As is seen 
from the point diagram fig. 26, this distribution strongly suggests a positive 
correlation between transpiration rate and saturation deficit, but the form 
of the regression curve cannot be precisely determined because of the rather 
wide scattering of the points. 

If a straight regression line is computed from these data, we obtain the 


5.06) (2) 


equation Y¥ =3.98-+0.339 (x 


The corresponding value of t is 4.21, with P<0.001. Though this equation 
may present a fairly good base for reduction of mean values obtained from 
sizable samples, a regression line cannot, of course, be employed for reduc- 
tion of individual values such as those we want to compare. Moreover, equa- 
tion (2) cannot possibly represent the true curve, since it does not pass 
through the origin (cf. fig. 26). In confirmation of the test applied to the 
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reduced values (equation 1), the deviation from the origin can be shown to 
be highly significant. If, namely, Y=Y, when x=0, then Y,=2.26 in the 
present case, and the corresponding t=5.36, ie. P<0.001. 

It is true, of course, that the actual curve need not pass exactly through 
the origin, since a very slight transpiration may occur even in a saturated 
atmosphere, when a positive temperature difference is maintained between 
leaf surface and atmosphere. Under the conditions of our experiments (sub- 
dued indirect daylight), however, this effect cannot possibly be of an order 
of magnitude comparable to the deviation discussed here. 

When considering the possible course of the true curve, it must be born 
in mind that transpiration is a complex phenomenon, involving two main 
components, viz., transfer of water from the interior of the leaf to the 
surface, and evaporation from the surface. The first of these two partial- 
processes is conditioned by the temperature, water-content and internal 
structure of the transpiring plant, and is not directly related to the humidity 
of the atmosphere. A quantitative relation between atmospheric humidity 
and transpiration rate can, therefore, only be expected to be valid under 
conditions where the rate of evaporation proper constitutes the limiting 
factor of transpiration. 

For this reason, one would theoretically expect a close connection between 
transpiration and physical evaporation where the transpiration rate is low 
(e.g. at high humidity), since even a slow centrifugal conduction of water 
within the transpiring member may then be sufficient to maintain transpira- 
tion. By increasing vapour pressure deficit, a greater stress is exerted upon 
the capacity of the conducting system of the plant structure. From a certain 
point onwards, a gradual breakdown of the dynamic water equilibrium of 
the transpiring plant may occur, and the resulting surface desiccation may 
then more or less effectively debar a further transpiration increase. In a 
diagram like that of fig. 26, therefore, the true regression curve would be 
expected to start from the origin as an approximately straight line, but then, 
from a certain value of the saturation deficit onwards, to bend off gradually 
to the right, eventually running more or less parallel to the axis of abscissas, 
or even displaying a negative slope. 

It follows from these considerations, that the relation between transpira- 
tion rate and saturation deficit cannot be expressed by a generally valid 
mathematical formula. On the contrary, the course of the curve must depend 
to a great extent upon individual properties of the plant under investigation, 
particularly at relatively high saturation deficits. 

In the present case, curved regression lines may be computed in different 
ways to give an equally good, or perhaps even better fit than the straight 
line drawn in fig. 26. Considering the purely empirical character. of the 
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Fig. 27. Ordinate: Transpiration rate (mg/g/min.). Abscissa: Logarithm of estimated 
physiological saturation deficit. Explanation in the text. 


regression, the algebraic convenience of the different possibilities may be 
taken into account, and a logarithmic transformation of the data may there- 
fore be tried first. 

In fig. 27, a point diagram is constructed with the logarithm of the esti- 
mated physiological saturation deficit as abscissa (x=log (D, —5 °/o), 
y=Es,). When a straight regression line is calculated from the coordinates 
of these points by the method of least squares, we arrive at the equation: 


Y =3.9771+3.9043 (x — 0.6664) (3 a) 


The corresponding value of t is 4.46, and thus slightly exceeds the value 
obtained from the data presented in fig. 26 (equation 2), though the dif- 
ference is not significant. The introduction of the estimated physiological 
saturation deficits in the present case, in place of the atmospheric saturation 
deficits, has thus not reduced the residual variance. 

If there is a proportional relation between the coordinates of fig. 27, the 
true regression line must pass through the origin. The line defined by equa- 
tion 3 a, however, intersects the ordinate axis at the point x=0, Y, =1.3753 
(cf. fig. 27). By dividing the deviation Y, by its estimated standard deviation, 
s=0.66976, we obtain t=2.053. With 46 degrees of freedom, this value has 
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Fig. 28. Ordinate: Transpiration rate (mg/g/min.). Abscissa: Estimated physiological satura- 
tion deficit (mm). Explanation in the text. 


a probability just below 0.05. Apparently, therefore, the hypothesis of a 
proportional relation between the transpiration rate and the logarithm of the 
estimated physiological saturation deficit does not agree too closely with the 
data involved in the calculation of equation 3a. As the significance of the 
deviation from the origin may be doubtful, however, this hypothesis deserves 
further attention. 

The equation of a straight line drawn through the origin and the point 
defined by the mean coordinates of the points included in fig. 27, is: 


Y =3.9771-+5.9680 (x — 0.6664) (3b) 


It seems clear from a visual inspection of the two lines 3a and 3 b (fig. 27), 
that any one of these lines cannot be preferred over any other with regard 
to goodness of fit, since a few extreme values obviously account for most of 
the difference, and, considering the inhomogeneous nature of the material, 
much importance cannot be attached to them. 

The course of the same curves transposed to non-logarithmic coordinates 
is shown in fig. 28. In these coordinates, of course, neither of the curves 
passes through the origin. However, when the physiological saturation deficit 
is equal to zero, i.e., when no vapour pressure difference exists between leaf 
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Table 94. Values of transpiration parameters reduced to standard conditions on the assump- 
tion of a proportional relation between Es, and log (Ds— 5 °/o). 


Exp. Obj. Exp. Obj. 
No. No. Es Ec Go No. No. Es Ee qo 
1 1 6.0 0.35 5.7 14A 197 41 060 145 
2 5.2 1:033 6.3 201 4.1 00 667 … 162 
3 54 0.40 7.5 205 432200 351 
Be 4 41 0.36 8.8 EN ade 2% 
e aka > 2 5 : 047° 148 
A ge | 007 Er 309 43 030 7.1 
313 45 0.28 6.3 
3 7 4.1 043 103 
8 38: | 048,1 1183 42 A 555 41 0.39 9.7 
9 3.5 0.26 7.4 557 52 0.43 8.3 
10 29% 0032 100 559 34 057 16.6 
11 3.7 0.35 9.6 561 SO" 047 7.1071 
4 = ne = F : 42 B 556 32 0.64 203 
; ë i 558 352000 172 
1 La ne SI 560 38 048 128 
15 EEE 562 23 SOY: 
16 24 024 100 
17 24 028 12.0 45 A 579 5.0 0.79 15.6 
18 2.9 029 10.2 583 40 0.49 12.4 
19 34037 111 587 5.4 063 11.6 
20 3.1 0.53 17.1 591 36 0.72 19.9 
5A 21 3.0 0.79 26.0 
7 sa 07a 03 45B 580 41 0.34 8.3 
7 ae he tse ER 584 39 ‘0.40 10.4 
588 21-026 0132 
5B 22 4.2 0.37 8.9 592 26 0.25 9.3 
25 3.5 0.34 9.5 
28 3.8 0.37 9.8 45 C 581 230 NO SAUT 
5C 23 40 0.21 5.2 = a eet 
oe Sees 589 27. 46.43. 16.0 
a mein DL. 593 1.7 0.23 13.9 
30 a 9:30),,) (14,6 45D 582 18 024 133 
12 A 181 3.0)4:50:3251.,5410:7 586 2104, 04 SA2I.O 
184 3.9 0.19 4.7 590 24, a O27 0. 163 
187 32 0.19 6.0 594 id 029 204 


surface and atmosphere, no transpiration can take place. In this case, there- 
fore, the true regression curve must necessarily pass through the origin. 
Thus, even though equation 3b may give an approximately correct expres- 
sion of the relation between transpiration rate and vapour pressure deficit 
in our experiments, this equation cannot be employed for values of the 
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Fig. 29. Distribution of transpiration rate values obtained by »logarithmic reduction». 
Ordinate: Number of observations. Abscissa: Transpiration rate (mg/g/min.). 


saturation deficit outside the actual observation range. A possible extrapola- 
tion is indicated in fig. 28, where the regression curve defined by equation 
3b is replaced by its tangent through the origin in the range of low satura- 
tion deficits. Such an extrapolation can, of course, neither be proved, nor 
disproved by the present data. Theoretically, the construction of a compound 
regression curve may be justified by reference to the complex nature of the 
transpiration process, as discussed above. 

We may now recalculate the data given in section A of the present chapter 
on the assumption that the influence of humidity variations upon transpira- 
tion within the range in question can bé expressed by a proportional relation 
between E, and log (D —5 °/o). The values of E, and E, obtained in this 
way, are shown in table 94, p. 167, and the frequency distribution of these 
values is shown in the histogram, fig. 29. 

In order to obtain a test of the validity of this reduction procedure, we 
must again resort to the 48 observations employed above. By reconstruction 
of the point diagram of fig. 25 with the new values of E, listed in table 94, 
we obtain the diagram of fig. 30, which by visual inspection seems to show 
a distinct improvement when compared with fig. 25. 

Here again, a straight regression line may be determined in the usual way, 
whereby we obtain the equation: 


Y=3.72 —0.175 (x — 5.06) (4) 


The regression coefficient is thus reduced to about 2/5 of the previous 
value by the change of reduction method (cf. equation 1). Further, the 
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Fig. 30. Ordinate: Transpiration rate (mg/g/min.). Abscissa: Atmosphcric vapour pressure 
deficit. Explanation in the text. 


corresponding value of t in the present case is 2.36, giving a value of P of 
between 0.02 and 0.05. This value of P is obtained when the table is entered 
with 46 degrees of freedom, and thus represents a minimum value. Because 
of the interdependence of the observations discussed above, the true value 
of P might be somewhat higher. It is difficult to judge, therefore, whether 
the regression coefficient of equation 4 is significant or not. Likewise, even 
the significance of the improvement obtained by change of reduction method 
may be open to doubt. 

Our conclusion must, therefore, be rather cautious: it is possible that the 
significant correlation between the calculated values of E, and the cor- 
responding values of the atmospheric saturation deficit has been removed by 
the change of reduction method. 

Additional evidence in favour of the logarithmic reduction method can be 
obtained when the entire observation material is taken into consideration. 
In the first place, we may reconsider the equations hitherto discussed by 
incorporation of the 12 curves which have so far been neglected, viz., exp. 
No. 5 C and 45 C—D. If, in the reduction to standard vapour pressure deficit, 
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a proportional relation between Es, and (D, — 5 %/o) is assumed, the regres- 
sion of the reduced values, E,, on D, can be characterized by the equation: 


Y=3.47 — 0.240 (x — 4.96) (5) 


The corresponding value of t is 2.28, with a probability between 0.02 and 0.05. 
As might be expected, the increased scattering of the points which result 
when the extremely xeromorphic plants are included in the material, has 
brought about a reduction of t (cf. equation 1). The regression coefficient is 
now bordering on the range of significance. 

When the values of E, obtained by the logarithmic reduction method are 
employed, the equation of the regression line takes the form: 


Y =3.39 — 0.0187 (x — 4.96) (6) 


{n this case, t=0.19, corresponding to a probability between 0.7 and 0.9. 
The regression coefficient of equation 6 is, therefore, certainly not significant. 

Finally, we may submit the values of E, obtained by the two reduction 
methods in question, to a similar treatment. By »proportional reduction», 
the regression of E, on D, may be defined by the equation: 


Y=0.404 — 0.05038 (x — 5.437) (7) 


The value of t obtained is 3.467, with a probability very nearly equal to 
0.001. The regression coefficient is, therefore, highly significant. 

When, on the other hand, the logarithmic reduction method is employed, 
we arrive at the equation: 


Y =0.401 — 0.02273 (x — 5.437) (8) 


The corresponding value of t is 1.616, with a probability between 0.1 and 0.2. 
Thus, in this case the regression coefficient is not significant. In calculating 
equations 7 and 8, all the observations have been included, except those of 
exp. No. 1. 

On the whole, the statistical analysis of the data tends to show, in my 
opinion, that the results obtained by the proposed logarithmic reduction 
method are in fairly close agreement with the criterion provided by a non- 
significant correlation between the reduced values of the transpiration rates 
and the corresponding values of the vapour pressure deficit. At any rate, no 
further improvement in reduction method can possibly be obtained from the 
data at hand, since the regression coefficients which can be calculated from 
the reduced values of E given in table 94, have been shown either to be 
non-significant, or to border on the range of significance. We may, therefore, 
consider the logarithmic method to be sufficiently accurate for our purpose, 
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when employed only within the actually investigated range of temperature 
and vapour pressure deficit. Hence, only the values of E, and E, calculated 
by this method will be subject to further discussion (cf. table 94). 


Statistical analysis of results 


A survey of the figures in table 94 indicates that significant differences 
in transpiration rate exist between the samples employed in the different 
experiments. This is equally apparent in the reduced rates computed for both 
phases (E, and E,). Conclusive evidence to this effect can be obtained by a 
simple analysis of variance. Thereby, exp. No. 1 is again left out because of 
the wind effect. The remaining 15 experiments are treated as parallel samples. 
To begin with, the two sets of rate values, i.e, E, and E,, may be treated 
separately. The resulting figures are given in table 95 and 96 below. 


Table 95. Analysis of variance of standard transpiration rates corresponding to the stomatal 


phase. 

Source of Variation Sum of Squares n Mean Square i 
Beiweensexperiments...... u.a een: 42.542276 14 3.038734 6.261 ! 
Within experimenits; 2% Croce. 21.841724 45 0.485372 
Otani ee ee en ne 64.384000 59 


Table 96. Analysis of variance of standard transpiration rates corresponding to the cuticular 


phase. 

Source of Variation Sum of Squares) n Mean Square F 
Beisyeensexperimentisu. a. en ete 1.089112 14 0.077794 6.705 } 
Math experiments Gey. c tet 03 rec 0.522128 45 0.011603 
PG Caley RE tete de 1.611240 59 


In both cases, the variance ratio obtained from the mean square for varia- 
tion between experiments is far beyond the 1 °/o level. 

We may ask further, if these differences in transpiration are associated 
with morphological and ecological differences between the samples. From a 
perusal of the data we gain the immediate impression that a correlation of 
this kind is fairly obvious. In order to obtain more definite information, a 
closer analysis of the experiments designed with this problem in view is 
required. In discussing the duration of the different phases (cf. p. 134), these 
experiments were grouped in the following way: 
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Table 97. Experiments employed for comparison between plant 


types.. 
oo 
Morphological type 
Series No. H M X 
(a) 2. er er Exp. 45 A Exp. 45B Exp. 45 D 
U) ee eas Exp. 14A Exp. 22A Exp. 12A 
(CSP teres Exp. 5A Exp. 5B Exp. DCE 


1 Excl. obj. No. 30. 


Table 98. Mean values of E, in relation to morphological 


type. 
Morphological type 
Series No. H M X Mean 
(A) ecu anviaancerame tate 4.500 3.250 1.925 3.225 
(a) Po ae Grameen 4.300 4.267 3.367 3.977 
(Ol aa 3.567 3.833 2.800 3.400 
Mean. =... 4.160 3.730 2.620 3.503 


Table 99. Analysis of variance of E, in the objects included in table 98. 


Source of Variation Sum of Squares n Mean Square F 
Plant types (H, M, X) iv ioe ewe es 12.628667 2 6.314334 14.287 1 
Series la, DEC) Meer er MEN, cine CIRE 3.051611 2 1.525806 3.452 ? 
Interaction isis io MIT tote 4.045222 4 1.011306 2.288 3 
Within/subclasses 2. ........ 9.281167 21 0.441960 
Errors, Pooled2. rft. ee ces 16.378000 27 0.606593 10.410 4 
Botal 55e se ea ee Seren 29.006667 29 


lFoı=5.78 2 Fo5— 3.47 3 Fos = 2.84 + For =5.49 


In the present case, the data have been reduced to a common standard 
of vapour pressure deficit, and the series a, b, and c might for this reason 
be pooled. However, since the relative importance of the different sources 
of variation within the types H, M, and X is of some interest also, the two- 
way table above may be retained. For calculation of the variance ratios, the 
pooled errors must then be employed beside the separate components. 

The mean values of E, for the 9 subsamples included, are given in the 
following table 98 (for individual values, see table 94). The result of the 
analysis of variance is given in table 99. 

-Whether the mean square for plant types is compared with the mean square 
for variation within subclasses (1), or with the mean square for pooled 
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Table 100. Mean values of E, in relation to morphological type. 


ne ee 
Morphological type 


Series No. H M xX Mean 
(el) eter te staves ciays nies 0.6575 0.3375 0.3100 0.4350 
(DET re 0.6567 0.3500 0.2333 0.4122 
(LEA EURE NE SM 0.6333 0.3600 0.2300 0.4077 
MAN ER us 0.6500 0.3480 0.2630 0.4203 


Table 101. Analysis of variance of E, in the objects included in table 100. 
SR PU EE en NP a es de 


Source of Variation Sum of Squares n Mean Square F 
Planistypese (ie Me Re An an Sole 0.827397 2 0.413699 36.433 ! 
SCTE (FE OSS) iS era te ee ee 0.004511 2 0.002256 5.033 ? 
CORA CEO Mg eta ee este era Tree 0.012309 4 0.030773 210 
Matbiesubelassese.n nern aaa 0.238450 21 0.011355 
PSER ONS ey (POOLE) Re ee ern were 0.255270 27 0.009455 
WOE lone ee A CRD ee EN 1.082667 29 


errors (4), highly significant values of the variance ratio result. There can 
be no doubt, therefore, that real differences exist between the samples in- 
cluded under the headings H, M, and X. Table 98 shows, that the higher 
transpiration values are associated with hygromorphic characters, and vice 
versa. 

The value of F derived from the mean square for series, lies immediately 
below the 5 °/o point. Though this value cannot be considered significant, 
the possibility of a difference between the series is indicated. Presumably, 
such a difference might be due to either of two causes, viz., inadequate 
reduction of the data to standard conditions, or the want of homogeneity 
between the three separate samples referred to each of the types H, M, and X. 
It has already been emphasized, that the morphological difference between 
the types was less pronounced in series (b), than in (a) and (c). Besides, the 
samples were taken from different localities, and complete structural and 
physiological agreement is not to be expected. I am inclined, therefore, to 
ascribe the greater part of the variation between series to such differences. 

We may turn next to a similar treatment of the data concerning the cuti- 
cular phase. The results are given in the tables 100 and 101. 

In this case also, the variance ratio derived from the mean square for 
plant types lies far above the level of significance, and it makes little dif- 
ference whether the mean square for variation within subclasses or the mean 
square for pooled errors is employed for comparison. 
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As is shown by the small value of the mean square for series, the agreement 
between the three samples of each type is much better than in the case of the 
stomatal transpiralion. Since the mean square for variation between series 
in the latter case is not significant, this difference may be a chance pheno- 
menon. On the other hand, it deserves to be emphasized, that during the 
stomatal phase two sources of variation must be taken into account, which 
do not affect the transpiration rate during the cuticular phase, viz., cutting 
effects and aperture differences. Since intact objects have not been studied 
in the present investigation, we have no means of demonstrating the possible 
influence of cutting effects. With respect to aperture differences, it would be 
unjustifiable to assume that the pretreatment of the plant material should 
in every case have induced maximum aperture. In a few cases, the trans- 
piration curves give evidence to the contrary. At any rate, these factors 
might well be partly responsible for the greater variability between series in 
the preceding case (table 99). 

The difference in cuticular transpiration between the types H, M, and X 
must, of course, assert itself during the stomatal phase also. It is conceivable, 
even, that the differences which have been demonstrated between the total 
transpiration rates in the three types during the stomatal phase, might be 
due entirely to differences in the cuticular component of transpiration. In 
order to obtain information on this point, an analysis of variance of the dif- 
ference E,—E, is necessary. 

In a previous chapter, the proposition has been advanced, that the cuti- 
cular component of transpiration must be reduced when stomatal transpira- 
tion occurs simultaneously (cf. p. 64). The reduced values E, and E, repre- 
sent estimates of the transpiration rates which would occur under standard 
conditions at maximum and zero aperture respectively. The difference E,—E, 
is then, according to this assumption, somewhat lower than the stomatal 
component of transpiration at maximum aperture under the same condi- 
tions. However, since the deviations can only be comparatively small, and 
since they affect all the values in the same way, the results of an analysis 
of variance of the difference E,—E, may safely be applied to the stomatal 
component proper. 

The following tables 102 and 103 give the average values of the difference 
Is,—E, for the nine samples included, and the results of the analysis of 
variance, 


Significant values of the variance ratio for plant types result whether the 
variation within subclasses (1) or the pooled errors (4) are employed for 
comparison. We may conclude, therefore, that the different magnitude of 
the cuticular transpiration component in the three plant groups investigated 
does not account for the corresponding differences in total transpiration 
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Table 102. Average values of (E, — E,) in relation to mor- 
Phological structure. 


(a tt a ee a ER SE 
Morphological type 


Series No. H M x Mean 
(A TEE 3.875 2.925 1.625 2.808 
(DR are 3.633 3.900 3.133 3.556 
Re 2.967 3.467 2.567 3.000 
Mean tp te 3.530 3.380 2.360 3.090 


Table 103. Analysis of variance of (E, —E,) in the objects included in table 102. 


Source of Variation Sum of Squares n Mean Square F 
Blantitypest(HaMIR) een... 8.161000 2 4.080500 8.404 ! 
Serie Staab NC) ne een 2.975611 2 1.487806 3.064 2 
eH ORACELOM creates) tei releve 4.174556 4 1.043639 2.150 3 
Nafhinzsubelassesern nn. nee an 10.195833 21 0.485516 
Brrowsa.(pooled)ee rn ee we ee 17.346000 27 0.642444 6.352 4 


12701528 2 805 — 3.47 ° Fos — 2.84 4 Eor= 53.49 


during the stomatal phase. Hence, both the cuticular and the stomatal com- 
ponent of transpiration are affected by the inherent structural differences 
between the plants designated as hygromorphic, mesomorphic, and xero- 
morphic. 


The average values given in the preceding tables show, that the differences 
between the three plant types, in general, lie in the same direction whether the 
transpiration values corresponding to the stomatal or the cuticular phase are 
considered. The statistical significance of this correlation will be demonstrated 
presently. Evidently, some structural factor affects the cuticular and the 
stomatal component of transpiration in the same way. Such a factor is 
represented by the relative surface area of the objects. Under otherwise 
identical conditions, both the cuticular and the stomatal component of 
transpiration are roughly proportional to the area of the transpiring surface. 
By the same initial fresh-weight, the objects with the most extensive surface 
area must, consequently, show the highest transpiration rates, and the dif- 
ferences occurring in the two components of transpiration must be closely 
correlated. On the other hand, a series of important structural factors in- 
fluence each of the transpiration components in a different way, or they 
affect only a single component, e.g. permeability of cuticula; number, size 
and distribution of stomata, etc. 

It is of interest to decide whether the different transpiration rates of the 
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Table 104. Analysis of covariance of E, and E, (cf. table 94). 


Sums of Squares and Products 
Source of Variation n 
Ec | Products | Es 
Between experiments .................. 14 1.089112 4.529995 | 42.542276 
Within experiments .................. 45 0.522128 0.463405 | 21.841724 
Total 59 1.611240 | 4.993400 64.384000 
Errors of Estimate 
Sum of Squares | n | Mean Square 
GLa Ae eee, Se NN AN 48.908935 sn 
Withinvexperiments "#1". 21.430138 44 0.487055 
Differencess sm. demon con 27.478497 14 1.962750 


EF== 4.030 E.01 = 2.52 


three plant types under discussion can be attributed solely to differences in 
relative surface area, or if structural factors of the latter type are also 
involved. The best way of obtaining information about this question seems 
to be an analysis of covariance of E, and E, within the entire material. 
Only exp. No. 1 must again be excluded. We assume, then, that difference 
of relative surface area is the only structural factor which may cause a signi- 
ficant positive correlation between the two components of transpiration. The 
material consists of 15 experiments, which represent separate samples, with 
a total of 60 single observations of each of the two variates. The statistical 
significance of the correlation between E, and E, can best be established by 
calculation of the regression coefficient for the regression of E, on E,. We 
obtain b=3.10, and s, =0.7234, i.e., t—4.284 for 58 degrees of freedom, 
while t.o9,=3.54. The results of the covariance analysis are given in table 104. 

The table shows, that the calculated variance ratio is definitely significant. 
This means, that significant differences remain between the values of E, even 
after they have been adjusted to a common standard of E,. We arrive at the 
conclusion, therefore, that differences in the relative surface area of the 
samples do not account for the entire discrepancy between them. Hence, 
other sources of variation must be involved also. Owing to lack of anatomical 
evidence, it would, however, be quite futile to enter upon a discussion of the 
various structural characters which may be responsiblé for the remaining 
deviations. 


For many purposes, it would be convenient if the transpiration properties 
of the objects investigated could be summarily characterized by means of a 
single parameter, instead of two or more separate figures. The maximum/ 
minimum quotients calculated by Seybold were intended to serve this purpose 
(cf. p. 66). In table 94 we have, besides the reduced values of E computed 
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Table 105. Magnitude of standard product in relation to morpho- 


logical differences. 
RE RS A EN ee eee 
Morphological type 


Series No. H M xX ‘Mean (row) 
(a) 3.950 1.394 0.432 

1.960 1.560 0.924 

3.402 0.864 0.648 

2.592 0.650 0.406 
Mean 2.976 1.117 0.603 1.565 
(b) 2.460 1.880 0.960 

2.747 1.290 0.741 

3.290 1.260 0.608 
Mean 2.832 1.477 0.770 1.693 
(c) 2.370 1.554 0.840 

2.409 1.190 0.552 

1.672 1.406 0.504 
Mean 2.150 1.383 0.632 1.389 
Mean (column) 2.685 1.305 0.662 1.551 


from the transpiration curves (E, and E,), also put down the quotient 
q,=100. E,/E,, which in principle corresponds to the inverse maximum/ 
minimum quotient. (In computing o,, one decimal more than those put down 
in the table of E, and E, was taken into account.) 

A survey of the figures shows quite clearly, that this quotient is of little 
value as a means of distinguishing between ecologically different popula- 
tions in blueberry, for in many cases individuals chosen to represent the most 
extreme ecological and morphological differences, agree closely in q, (e.g., 
obj. No. 21 and 585, No. 24 and 586, No. 29 and 587, No. 30 and 197, etc.). 
If we consider the significance of this quotient, it is evident that differences 
in relative surface area have little or no influence on the magnitude of q,,. 
since such differences affect E and E, in a similar way. If comparisons 
between different samples are based on the magnitude of g,, therefore, one 
of the most important characters involved in ecological adaption is neglected. 

It has been demonstrated above, that E, and E, are not completely inter- 
dependent variates, even if a significant covariance occurs. It can be inferred 
trom this fact, that the product E,-E, might prove a useful characteristic, 
the formation of a product being the simplest method of pooling the dif- 
ferences occurring in either factor. The relevance of this compound para- 
meter, which may be termed the standard transpiration product, or, shortened, 
the standard product, can be examined through the 30 objects employed in 
previous comparisons (cf. table 97). The corresponding values of the standard 
product are put down in table 105 above. 


12 
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Table 106. Analysis of variance of the standard product data of table 105. 


Source of Variation Sum of Squares n Mean Square F 
I NE ee ANNE SR ee er 
Plant type (EM A) CA ara ener 21.382335 2 10.691168 53.736 ! 
Séries ta DAC) ee ee sent 0.421086 2 0.210543 1.058 ! 
Interaction bebe be sc 1.140192 4 0.285048 1.433 ? 
Within subclasses: "Fe ae 4.178110 21 0.198958 
Totale ge ate Sue RE D me 27.121723 29 


1 Foı=5.78 F.o5—=3.47 ? Fos = 2.84 


Table 105 shows a close mutual agreement between the figures of each 
column. The relation between the mean values of the standard products for 
the three types included can be expressed by the approximate equation 


tei Na 24,207 51 


Hence, the computation of the standard products seems to bring out the 
difference between the types more clearly than any of the individual para- 
meters discussed above. This result is further substantiated by an analysis of 
variance of the data in table 105. The computations are summarized in 
table 106. 

It has been demonstrated above, that the numerical value of the para- 
meters which can be derived from transpiration decline curves in cut blue- 
berry plants vary within definite ranges. A measure of these variation ranges 
might serve to characterize quantitatively one mode of operation of the 
system of properties which determine the ecological adaptibility of this 
species with respect to the water factor. Such data ought to be of some help 
in comparing the distribution and ecological requirements of different species. 
The best way of obtaining reliable data for this purpose would be to register 
the frequency distribution of the transpiration parameters in experiments 
with random samples from the widest possible territory. Estimates of the 
statistical parameters of the distribution curves obtained in different species 
would then afford the wanted data. 


Summary 


1. The purpose of the present investigation has been to develop an experi- 
mentally simple method of obtaining consistent and reproducible data which 
may serve as a reliable base for characterization and comparison of the 
transpiring properties of plants, involving both the absolute magnitude of 
the transpiration loss under defined conditions, and the effectiveness of vital 
regulation mechanisms as a means of transpiration restriction. 
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2. A survey of some of the principal methodical difficulties encountered 
in transpiration research affords arguments in favour of the following experi- 
mental method: 

(a) A number of apparently healthy and normal individuals representative 
of the population to be investigated is selected for each experiment. In order 
to secure approximate physiological homogeneity, the plants are given a 
suitable pretreatment, which aims at inducing water saturation and maximum 
stomatal aperture. 

(b) Excised shoots of the selected individuals are allowed to transpire 
under constant and standardized external conditions for several hours, the 
course of the fresh-weight decline being registered by means of a torsion 
balance. 

Deviations from the prescribed standard conditions which may occur 
during the observation period, are registered and taken into account in sub- 
sequent reduction of the data. 


3. In order to test the practical value of this method, a considerable 
number of experiments with morphologically and ecologically different 
species was performed. Vaccinium myrtillus L. was’chosen as the main test 
object, and the present paper deals exclusively with the transpiring pro- 
perties of blueberry plants from a small area at Haugseter, Kvam, in a Nor- 
wegian mountain district. The remaining material will be presented in sub- 
sequent papers. 

4. A general theory of the transpiration decline in excised objects originally 
proposed by Fukuda (1935) is discussed and reformulated, and it is shown 
that the course of the transpiration decline curves obtained in the blueberry 
experiments is in close agreement with this theory. 

From an examination of the curves, three separate stages in the process 
of water loss can be distinguished, viz., 

(a) the stomatal phase, during which the initial aperture of stomata remains 
unchanged, 

(b) the closing phase, during which complete closure of the stomata is 
effected, and 

(c) the cuticular phase, during which the stomata remain closed. 

The possible occurrence of secondary opening reactions during advanced 
wilting stages has not been investigated. 

5. It is demonstrated by mathematical analysis of the curves, that the 
closing reaction in most cases proceeds in such a manner that the effective 
aperture of stomata (for definition, see p. 139) is reduced by a constant 
amount per minute during the entire closing phase. Deviations from this rule 
can be explained as a result of experimental errors. The course of the curve 
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during the closing reaction can thus be characterized by a single constant, 
called the restriction coefficient (definition, p. 142). 

6. By suitable calculation methods (summary, p. 88) the following para- 
meters can be computed from the curves and employed to define transpira- 
tion under standard conditions: 

(a) The duration of the stomatal phase. 

(b)* The transpiration rate corresponding to zero water deficit and maxi- 
mum stomatal aperture (E,). 

(c) The duration of the closing phase. 

(d) The restriction coefficient. 

(e)* The transpiration rate corresponding to zero water deficit and com- 
pletely closed stomata (E,). 

(f)* The »minimum/maximum quotient» (q=100-E,/E,). 

(g)* The »standard product» (E,-E,). 

Of these 7 parameters, those marked by an asterisk Have actually been 
reduced to standard conditions, while the first (a) seems to be relatively 
independent of small variations of temperature and air humidity, so that a 
reduction of the values is less vital. The magnitude of the remaining two 
parameters (c, d) varies according to the change of vapour pressure deficit, 
but the data would have to be amplified before a reliable base for reduction 
could be obtained. 

7. A statistical analysis of the calculated parameter values shows that 
significant differences exist between samples of habitually xeromorphic, 
mesomorphic, and hygromorphic populations from ecologically distinct 
localities. The xeromorphic plants are characterized by slightly lower maxi- 
mum rates (E,), a more rapid closing of stomata (higher restriction coeffi- 
cients), and by considerably lower minimum rates (E,) than the hygromor- 
phic specimens, while the mesomorphic individuals occupy an intermediate 
position in these respects. 

The clearest distinction between these three types is brought out by con- 
sideration of the relative magnitude of the standard products, which in the 
material investigated can be characterized by the approximate relation 
1:2:4. Per contra, no definite relation exists between the structural pro- 
perties of the objects and the magnitude of the »minimum/maximum quo- 
tient» as defined in the present paper. 

It can be demonstrated, further, that the functional difference between the 
plant types under discussion can only in part be attributed to difference in 
relative surface area, and that structural factors must also be involved. The 
possible nature of these structural differences has not been investigated. 

8. It is shown by statistical treatment of the data, that the proportional 
relation often assumed to exist between transpiration rate and vapour pres- 
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sure deficit is probably not valid in blueberry. Within the comparatively 
narrow range of vapour pressure deficits investigated, a closer agreement 
can be obtained by an exponential curve. 

The observations related to the influence of vapour pressure deficit varia- 
tions upon the closing reaction are not very conclusive, and do not warrant 
the formulation of a mathematical equation. Tentatively, an apparently 
hyperbola-shaped curve can be derived from the estimated duration of the 
closing phase at different vapour pressure deficits. 

The working hypotheses represented by the two curves referred to, are 
substantiated by comparison with results obtained in previous investigations 
by Gäumann and Jaag. 

9. In some cases, a transpiration decline due to surface desiccation (»in- 
cipient drying») is apparently indicated by the course of the curves. Factors 
which may tend to produce surface desiccation are discussed. 

10. In conclusion, the value of the method employed as a means of 
investigating the ecological adaptibility of different species with respect to the 
water factor is pointed out. 


Note. Mimeographed copies of the original tables from which the curves of the 
present paper have been derived, are available at request. These tables comprise 
also the material which will be treated in the following three papers of the present 
series, dealing with: (a) transpiration decline curves obtained in experiments with 
a number of different plants from the mountain area at Haugseter, (b) the analysis 
cf transpiration decline curves as a means of investigating the relation between 
transpiration rate and vapour pressure deficit, and (c) the value of the same method 
in stating the effects of wind on the transpiration of morphologically and ecologically 
distinct plant types. 


I am indebted to my friends Per Ottestad (Norges Landbrukshogskole) and Eilif 
Dahl (The University in Oslo) for valuable discussions and suggestions concerning 
the mathematical treatment of the data. 

The publication has been made possible by grants from »Det videnskapelige forsk- 
ningsfond av 1919» and from »Norges almenvidenskapelige forskningsrad>. 
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Studies on the nutrition of forest mosses (Tamm 13) have suggested that 
many of these mosses obtain a great part of their nutrient supply from the 
trees, by rain leaching the tree leaves and needles. It is well known that 
dead leaves and needles give off salts when soaked in distilled water (Ramann 
10), and the question of whether living leaves release nutrients to rain water 
has been much discussed (Le' Clerc and Breazeale 7, Arens 1, 2, Engel 4). 
Although some leaching must be assumed, at least from dead and dying 
leaves before they are shed, very little is known about the ecological signi- 
ficance of this salt supply to the forest soil. The present paper is a preli- 


minary study of the amounts of some plant nutrients, received in solution 
from above by the forest floor. 


Table 1. Composition of rainwater collected at Experimentalfältet 26. IX. 1950. 


5 Contents in mg/l 
Location — 
Ca K Na P 

OPEN ETIENNE 0.4 0.2 0.4 | 0.02 

» EG: 0.5 0.3 0.7 | 0.04 
Beneath pine ......... 4.0 6.3 2.0 | 0.12 
(Pinus silvestris) | 
Beneath oak... ........| 9.1 15.0 16 | — 
(Quercus robur) 
Beneath birch ........ 7,2 17.4 1.9 0.19 
(Betula verrucosa) | 
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Methods 


The first samples (Table 1) were collected in Pyrex glass flasks with fun- 
nels of stainless steel. All samples in Table 2, however, were collected in 
glass bottles with glass funnels, provided with some cottonwool in the fun- 
nel outlet and in the bottleneck to prevent contamination by litter or insects 
in the liquid. The diameter of the funnels was approximately 16 cm, except 
beneath the spruce, where a preliminary collection had shown a very large 
interception. In this case a larger funnel was used (24 cm), which turned 
out to be unfortunate, because the interception was much less in the subse- 
quent collections and the bottle did not suffice for the water. (Some of the 
figures obtained with this funnel are marked > in Table 2.) — The funnels 
were placed in small stands, with the openings approximately 50 cm above 
soil surface. 

The analytical methods will be described more fully in a later publica- 
tion. Calcium, potassium and sodium have been determined flamephoto- 
metrically on acidified and filtered samples (cf. Gorham 5). Organic mat- 
ter, ash and phosphorus were determined on 100 ml samples, filtered and 
evaporated in platinum dishes; phosphorus was analyzed by Zinzadze’s 
method (see Knutson 6). Total nitrogen was determined titrimetrically by 
Kjeldahl’s method on 200 ml samples, evaporated after addition of sulphuric 
acid. — Blanks were run and subtracted from the sample values, but no 
correction has been made for substances possibly released from glass fun- 
nels and bottles during the collecting period. If this is a source of conta- 
mination, it will at least not affect the figures in Table 1 appreciably, be- 
cause these samples were analyzed within a few hours after rainfall. — 
No contamination by bird droppings has been observed, but it is our inten- 
tion to use the same precautions as Egnér, Eriksson and Emanuelsson (3) 
in subsequent collections. 


Area: investigated 


The first samples were collected at Experimentalfaltet, just outside Stock- 
holm. Because of the risk of contamination by smoke and dust from the 
city, it was considered necessary to get samples at a somewhat greater 
distance from Stockholm. The experimental forest of the Forest Research 
Institute at Bogesund was chosen; this place (Röskär) lies at a distance of 
only 12 km from the centre of Stockholm, but comparatively far from indu- 
stries and densely populated suburbs. 

The open air samples were collected from two places in a field (ca. 200 m 
apart; note the difference in precipitation, Table 2). The other funnels were 
in and around a small opening in the adjacent mixed pine and spruce 
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Table 2. Composition of rainwater collected at Bogesund 19. X. 
—30. XI. 1950 (Period. 1 19.X.—1.XI., period 2 1. XI—15. XI. 


Precipitation es Organic 
: 0/o of prec. a matter = 
Location mm in open field mg/l mg/l mg/ | 
1 2 Sum 2 a EDER IF À 242 3 
Open field .......… 21 2357 742 — — = |. 4 6 7110 3 5) 06 02872 
> ae. 272407 2370, — — U NT 0 4 #O| 0.4 0.4 0.4 
Opening". 24 38 34/94 100 la SN er 0 2 4) 0.6 0.4 0.5 
een PER Bern 23 37 35|90 98 SITE 8 61.247 0 31.0.6 7704770:5 
Beneath spruce |18 >25 >25 71 >67 >63 72 25 27! 60 18 15 | 5:9 72105255 
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forest, ca. 25 m from the margin of the forest, and 150—200 m from the 
open field funnels. Two funnels were placed in the middle of the opening, 
2.5 m apart and ca. 3 m from the crown projection of the nearest pines; 
of the remaining two funnels one was placed beneath a spruce (beneath 
the outer part of the crown), and one beneath a pine. All places had a good 
light supply, though least so beneath the spruce, which had branches 
hanging down to about two metres above ground. — The area is situated 
only a few hundred metres from a bay of the Baltic, which may contribute 
some salt spray to the rain, although the water is only slightly brackish. — 
The subsoil is granitic moraine and sand. 


Results and discussion 


The results are given in Tables 1 and 2. Table 1 shows differences between 
different trees, but it is not possible to draw any conclusions from these 
differences, especially as the samples were collected in the autumn, just be- 
fore the yellowing of the leaves. 

Table 2 shows little difference in composition of pure rainwater, collected 
at different times. On the other hand, during the autumn the contents of 
most analyzed elements decrease in water collected beneath trees. The 
amounts of calcium, potassium and sodium given off by the trees are 
much greater than the amounts of nitrogen and phosphorus. However, the 
concentration of total phosphorus in the water dropping from conifer trees 
seems to be higher than in most lake waters (Rodhe, 11) and of the same 
order of magnitude as in the soil solution in some of the samples from 
cultivated areas analyzed by Pierre and Parker (9). 

The last columns in Table 2 give the amounts received by the ground 
from above, calculated as kg per hectare as is usually the case with figures 
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period 3 15. XI.—30. XI.). Open field values within brackets are 
probably influenced by leaves or litter observed in the funnels. 
— eee 
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for the nutrient supply to the forest floor by litter. We owe such figures 
to Mork (8) and to Romell (12). Mork’s highest figures show that about 
40 kg Ca and 8 kg K per hectare and year can be given off in litter (in a very 
productive spruce stand in South Norway). As the observations in Table 2 
only cover less than one fifth of the average annual precipitation in Stock- 
holm (ca. 570 mm), no detailed comparison can be made. The data presented 
here show that the amounts of certain nutrients given off by the trees in 
soluble form cannot be overlooked when discussing tree nutrition. These 
nutrients are probably important also for other forest plants than the mosses. 
The investigations are being continued. 


Summary 


The composition of rain water samples collected beneath trees, as com- 
pared with samples from an open field, has been investigated during part 
of the autumn of 1950. Considerable amounts of calcium, potassium and 
sodium have been found in water collected beneath trees, together with 
smaller amounts of nitrogen and phosphorus. 


Most of the analyses have been made by Miss Britta Alverin to whom my most 
sincere thanks are due. The kind assistance in the collections of the samples given 
by Fil. lic. Carin Ehrenberg and Mr Rolf Nordenstedt of the Genetical Department 
of the Forest Research Institute, is much appreciated. 
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1. Introduction 


It was first shown experimentally by Arens (1933 and 1936) that besides 
free CO, bicarbonate may be a direct carbon-source in the photosynthesis 
of aquatic plants. This statement was confirmed by Steemann Nielsen (1944, 
1946 and 1947), by Ruttner (1947 and 1948) and by Osterlind (1949). Inde- 
pendently of each other Steemann Nielsen and Ruttner showed that aquatic 
mosses, as an exception, are unable to utilize HCO,” ions in the surrounding 
water for photosynthesis. 

Whereas the experiments of Arens and Ruttner only were carried out 
qualitatively, the experiments of Steemann Nielsen were made in such a 
way that the quantitative importance of the carbon-sources was determined. 
Experiments on the translocation of oxygen and different salts including 
bicarbonates through thalli and leaves of aquatic plants were carried out 
at the same time. An attempt therefore has been made to elucidate the 
mechanism of the CO, and HCO.,~ absorption during photosynthesis (see 
also Steemann Nielsen 1947). 

The absorption of CO, is to be considered as a diffusion in the ordinary 
sense of the word, although there is rather strong evidence for a hypothesis 
that CO, enters the photosynthetic reactions in the hydrated form (Stee- 
mann Nielsen and Kristiansen 1949). The hydration of CO,, however, first 
takes place in or on the surface of the chloroplasts as the enzyme carbonic 
anhydrase responsible for ihe hydration is located here. 
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Photosynthesis on the basis of bicarbonate in submersed leaves of higher 
plants was sketched in my previous paper of 1947, as stated below. Ruttner 
(1947, 1948) arrived at somewhat similar conclusions. The theory of Arens 
(1932, 1936) was shown with some reservations to be right. 

Bicarbonate ions with equivalent quantities of cations are absorbed from 
both the upper and lower side of the leaf. In the chloroplasts CO, enters 
the photosynthetic reactions during a simultaneous production of OH ions, 
which pass one-sidedly towards the upper side of the leaf, where they are 
liberated together with equivalent quantities of cations. If the supply of 
HCO,- takes place exclusively from the lower side of the leaf, a small 
quantity of HCO,~ ions will pass right through the leaf together with 
corresponding quantities of cations. It was impossible to decide how the 
one-side transport of OH ions takes place. Some experiments, however, 
were carried out (Chapter 16 in my 1947 paper) which indicated that energy 
absorbed from light is contributory to this one-sided transport. 


2. Passive Ion Transport 


The absorption of HCO,— from the surrounding water was described in 
my paper of 1947 as a »diffusion» although it was assumed that the plant 
may possibly take active part in the transportation of the ions. 

It has been shown by Lundegardh and Burström (1933) that the absorp- 
tion of salts in the roots is an active process. The absorption is linked to 
part of the aerobic respiration, the so-called anion respiration, a process prob- 
ably identical with the cytochrome-cytochrome oxidase system (Lundegardh 
1949). Leaves and thalli of water-planis, however, seem to behave differently. 

The absorption of HCO,;~ ions and the corresponding cations during 
pnotosynthesis and the translocation of salts through thalli and leaves of 
water-plants in many respects look like ordinary passive diffusion processes. 
I did not dare to assert this in my previous paper. Some new and important 
facts about the active uptake of salts by the roots (first of all supplied by 
Olsen 1939) have, however, made it clear to me, that the bicarbonate absorp- 
tien in photosynthesizing water-plants is not and active process. 

It should be mentioned that according to Lundegärdh (1949) the quotient 
absorbed anions 
consumed oxygen 
NO;~ and CI” if the absorption proceeds under optimal conditions. If during 
photosynthesis the quotient absorbadsht Oey were of the order of 1, phot 

consumed O, Piper 
synthesis with HCO,;~ as a carbon-source would be of but little use, the 
rate of respiration being about equal to that of photosynthesis. 


in roots of wheat attains the value of about 1, both for 
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Olsen has shown that the rate of ion absorption in roots for a given ion 
is independent of the concentration of the ion in the nutrient solution. 
Practically all previous investigators had come to the conclusion that the 
rate of ion absorption for a given ion increases with increasing concentration 
of the ion in the nutrient solution. Olsen, however, showed that the reason 
for this was that none of the previous investigators had any arrangement 
for stirring the solution, the rate of ion absorption thus being limited by 
the rate of the diffusion of the ion in the nutrient solution. 

Olsen made it clear that theoretically an active process, i.e. a process for 
which energy is required, must be independent of the concentration. As 
another example besides the active ion absorption in roots he mentions 
electrolysis of a salt solution. If, for instance a solution of copper sulphate 
is electrolyzed, the amount of copper deposited on the electrode will be quite 
independent of the concentration of the copper sulphate solution. 

As will be shown below, both the absorption of HCO,— ions from the 
surrounding water during photosynthesis and the translocation of salts 
through leaves and thalli of water-plants depend on the concentration of 
the ions. The dependence is so definite during photosynthesis of e.g. Myrio- 
phyllum spicatum that under optimal light conditions there is proportionality 
between concentration of HCO,~ ions and intensity of photosynthesis up 
to a concentration of about 10~* mol CO; co (Fig. 1). 

Table 1 shows in the very same way that the translocation of NaCl through 
an Ulva thallus — only the translocation of Cl~ ions was determined — 
depends on the concentration. The technique used in these experiments is 
described in my paper of 1947 (Fig. 20, p. 66). The main features shall 
be repeated here. 

Two glass tubes, open at both ends (thickness of the wall 2.5 mm) and 
with plane-ground edges, each had a capacity of 15 ml, the area of the 
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Table 1. Translocation of CI through an Ulva thallus. First two experiments (15 minutes 

each) with sea-water on one side of the thallus and redistilled water on the other side. 

Then two experiments (30 minutes each) with sea-water diluted 1:10 on one side and 
redistilled water on the other. Temperature 20° C. 


g Cl jl on the sea-water 
No. side at the beginning of 


the experiment 
a r.wyYy=—=aZ TI 


| 
| 
| | 10.3 6.9 0.058 
| 
| 


mg Cl translocated per 


& Diffusion coefficient | 
cm? per h 


1 

2 10.3 6.9 0.058 
3 1.0 0.71 0.060 
4 1.0 0.78 0.066 


opening being 3 cm?. A thallus of an alga or a leaf of a higher aquatic plant 
was placed between the two tubes, which were pressed together by means 
of rubber bands fastened to metal mountings. A protective layer of paraffin 
wax was applied outside. On both sides of the leaf or thallus it was now 
possible to place solutions of the substances the translocation of which it 
was intended to investigate. 

The tubes were closed by means of plane-ground glass plates kept in 
place by strong rubber bands and placed in a water thermostat on a horizon- 
tal axis rotating two hundred times per minute. In each of the tubes a glass 
rod was introduced. Thus a vigorous stirring on both sides of the leaf was 
obtained. 

Fig. 2 furthermore graphically shows the results of some series of experi- 
ments on translocation of NaCl through an Ulva thallus. The content of CI 
on the seawater side at the start varied from 0.5 to 10.3 g per IL. On the other 
side of the thallus was placed redistilled water. Thallus pieces from the 
same plant were used for three of the experiments. The experiment with 
4.3 g Cl per 1 was, however, carried out with a piece of another thallus 
from the same locality. The results recorded for experiments with diluted 
sea-water on the sea-water side of the thallus are all from the first 30 
minute interval immediately following experiments with undiluted sea-water. 

If the experiments with diluted sea-water are continued for a longer time 
the diffusion coefficient will increase slightly because of a change in the 
permeability of the cells. This increased permeability will last for some time 
if the experiments are continued with undiluted sea-water. In the above- 
mentioned series of experiments (Table 1) the diffusion coefficient after 
three hours in diluted sea-water had increased to 0.122. When the following 
experiments were made with undiluted sea-water, the coefficient in three 
subsequent experiments (each lasting 15 minutes) was found to be 0.165, 
0.156, and 0.149, showing that the permeability for NaCl had also changed 
under these conditions. 
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The experiments (Table 1 and Fig. 2) clearly show the proportionality 
between the concentration gradient and the translocation of the ions through 
the thallus. This proportionality found both in the experiments on photo- 
synthesis and in those on translocation of a salt through a thallus is a 
distinct indication that the absorption of the ions in both cases cannot be 
regulated by an active process on the part of the plant. 

In he case of the translocation of the salt through the Ulva thallus it 
might be suggested that he translocation took place only in the cell walls. 
This hypothesis, however, cannot be correct as the velocity of diffusion of 
salts in the cell walls otherwise must be much higher than in water. The 
diffusion coefficient for NaCl in water is 1.10, in an Ulva thallus about 0.06. 
In a cross section of a thallus the area of the cell walls is less than 5 per 
cent of the total area. Furthermore the diffusion coefficient only increases 
to about 0.2 when the plasma is destroyed with sodium hypochlorite (Stee- 
mann Nielsen 1947, p. 35). 

It is to be assumed that the translocation of salts through thalli and 
leaves of water-plants besides ionic exchange on the surfaces of the cells 
most likely is a completely passive diffusion. The permeability of the cyto- 
plasmatic membranes to salts is considerable in the cells of these organs. 

It has already been mentioned that the permeability to NaCl in an Ulva 
thallus will increase when very diluted sea-water is placed on one side of 
the thallus and pure water on the other side. This change in permeability 
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will, however, not occur instantaneously. The results given in Table 1 showed 
that the rate of translocation was unaltered during the first hour in sea- 
water diluted 1:10. 

If instead of sea-water or another balanced salt solution a pure solution 
of one single salt is used, an immediate change in permeability to this salt 
will occur. The rate of translocation will decrease considerably. In a series 
of experiments on the translocation of NaCl through a leaf of Cryptocoryne 
Griffithii, there was on the lower side of the leaf either a balanced salt 
solution (10~* equiv. CI-/1) or a corresponding NaCl solution with the same 
concentration of Cl”. Redistilled water was placed on the upper side of the 
leaf in both cases. When changing from the balanced salt solution to the 
pure NaCl solution the rate of diffusion at once decreased by 40 per cent 
(30 minute experiments). The rate of diffusion was constant during a period 
of two hours whereupon the experiments were finished (about details see 
Table 7, my 1947 paper, p. 37). Similar results were obtained when using 
an Ulva thallus (Table 6 in the paper just mentioned, p. 36). 

It is furthermore important to notice that a similar decrease in the absorp- 
tion of HCO;- ions during photosynthesis in Myriophyllum spicatum is 
found when changing from a balanced salt solution (HCO,— concentration 
10 equiv./l) to a pure solution of either KHCO,, NaHCO; or Ca(HCO;), 
with the same concentration of HCO;~ ions. The decrease in the photo- 
synthesis rate was 58 per cent when a pure solution of KHCO, was used, 
when using NaHCO, the decrease was 50 per cent, and when using Ca(HCO,). 
29 per cent (Table 15, Steemann Nielsen 1947, p. 48). Thus it is shown that 
the translocation of a salt through a leaf and the absorption of HCO;~ ions 
together with a corresponding cation during photosynthesis take place 
in the same way when a change is made from a balanced salt solution 
to a solution of a single salt. This also shows that the two processes are 
of the same kind. 

The rates of translocation through a leaf of non-electrolytes such as 
oxygen are independent on the ionic composition of the water. The diffusion 
coefficient for O, in a leaf of Cryptocoryne Griffithii was 0.77+0.05 when 
lake-water was used, and 0.75 +0.03 when a solution of pure NaCl(0.4 °/o9) 
was used (my 1947 paper, p. 35). At the same time it was shown (p. 49) 
that the absorption during photosynthesis of free CO,, which is also a non- 
electrolyte, is independent of the ionic composition, too. Thus it is shown 
in all cases that while the translocation of ions in leaves and thalli of water- 
plants depends on the ionic composition of the water outside the leaf, the 
translocation of non-electrolytes is independent of this factor. 

Presumably the different behaviour of electrolytes and non-electrolytes 
is to be explained as follows. The translocation of non-electrolytes is a plain 
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diffusion process. In the translocation of electrolytes an ionic exchange 
additionally takes place at the surface of the cell, a process which after all 
is affected by the ionic composition of the surrounding solution. 


3. On the Mechanism of the One-sided OH- Transport 


During photosynthesis the absorption of HCO,~ ions together with the 
corresponding cations and the translocation to the chloroplasts must, as 
mentioned above, be considered a passive diffusion. When, however, in a 
leaf of a higher water-plant CO, from the HCO,- ion enters the photo- 
synthetic reactions during a simultaneous production of an OH- ion, this 
ion has to be transported together with the corresponding cation to the upper 
side of the leaf where both are liberated. As already mentioned in the intro- 
duction this one-sided transport cannot take place without energy. At any 
rate energy absorbed from light is contributory to this transport. 

Fig. 1 p. 191 is taken from my 1947 paper where the problem to some 
extent was already discussed. It shows the dependence of the rate of photo- 
synthesis on the quantity of free CO, for the two light intensities 7,000 and 
37,000 lux (two upper curves) and the dependence on CO; co, , for the same 
two light intensities (two lower curves). The aquatic plant Myriophyllum 
spicatum was used for these experiments, the temperature being 20° C. As 
shown in Chapter 12, Steemann Nielsen 1947, photosynthesis in Myriophyl- 
lum is not affected by changes in the hydrogen ion concentration within the 
pH values used in the experiments. The experiments with free CO, as the 
carbon-source were carried out at pH 4.5, the experiments with CO, 4c0,- 
at pH 9.3. 37,000 lux is within the range of optimal light intensity for photo- 
synthesis, whereas 7,000 lux, at any rate with free CO, as the carbon-source, 
is not. 

The rate of photosynthesis at 37,000 lux with HCO; ions in optimal con- 
centration is about 30 per cent lower than when free CO, is the carbon- 
source. In the 1947 paper I quoted as a conceivable explanation, among 
others, the possibility of an enzyme activating the carboxylation of a CO, 
acceptor on the basis of the bicarbonate concentration being minimum. 
This view, however, presumably cannot be maintained, as after all CO, 
seems to enter the photosynthetic reactions in the hydrated form (Steemann 
Nielsen and Kristiansen 1949). 

The photosynthesis at 7,000 lux with optimal concentration of HCO,” 
ions obtains only a relative value of 34 (apparent photosynthesis, see Fig. 1). 
As the rate of photosynthesis with HCO,” at optimal concentration at 37,000 
lux is about 72 in the same relative scale, no non-photochemical reaction 
can be limiting at 7,000 lux with HCO,~ as the carbon-source. As, on the 
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other hand, the rate of photosynthesis at 7,000 lux with free CO, is 63, 
neither of the ordinary photochemical reactions in photosynthesis can be 
limiting at 7,000 lux with HCO,” as the carbon-source. 

There must, therefore, exist a particular photochemical reaction acting as 
limiting factor at suboptimal light intensity and optimal concentration of 
HCO,-. This particular reaction must, after all, be the one responsible for 
the one-side transport and liberation of the OH ions and the corresponding 
cations during photosynthesis in higher water-plants with HCO; as the 
carbon-source. 

As a photochemical process proceeds. proportional to the light intensity, 
the above-mentioned process can scarcely be the limiting factor at the high 
light intensity of 37,000 lux with optimal concentration of HCO; ions. The 
velocity of the process should then be more than 5 times faster than at 
7,000 lux. The rate of photosynthesis, however, is only about doubled when 
the light intensity is increased from 7,000 to 37,000 lux (see Fig. 1). 

The dependence of the rate of photosynthesis on temperature at 37,000 
lux with HCO,~ ions in optimal concentration similarly shows that the par- 
tial process acting as limiting factor under these conditions cannot be photo- 
chemical. The rate of a photochemical process does not depend on tempera- 
ture. It was, however, shown (Steemann Nielsen 1947, Figs. 18 and 19, p. 
63 and 64) that the rate of photosynthesis at 37,000 lux and HCO, in 
optimal concentration was highly dependent on temperature. A rise in 
temperature from 5° C to 20° C caused an increase of the rate of O, produc- 
tion measured in a relative scale from about 15 to about 70. 

In order to investigate this problem a little closer some new experiments 
with Myriophyllum spicatum were carried out using even higher light- 
intensities than 37,000 lux. These experiments proved that photosynthesis 
at optimal light intensity and with HCO,~ in optimal concentration is not 
limited by a photochemical reaction. 

It was presumed that the rate of photosynthesis in experiments using 
optimal concentrations of HCO,~ ions should increase with increasing light 
intensity if the above-mentioned photochemical reaction was limiting also at 
the light intensity of 37,000 lux. In that way it should then be possible to 
get as high rates of photosynthesis with HCO,~ ions as with free CO,. 

The experiments, however, showed instead a decrease in the rate of 
photosynthesis at a concentration of 7-10-* mol/l COs ico, (PH 9.5) when 
increasing the light intensity from 37,000 lux to 100,000 lux. The produc- 
tion of oxygen after 30 minutes at 100,000 lux decreased by about 35 per 
cent. The rate of photosynthesis decreased in the same way by increasing 
the light intensity from 37,000 to 100,000 lux when free CO, in optimal 
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concentration (0.8 - 10% mol/l) was the carbon-source (after 30 minutes 
about 10 per cent). 

In the experiments with free CO, the reduction of photosynthesis at 
100,000 lux results from a chlorophyll-sensitized photo-oxidation of one or 
more of the photosynthesis enzymes (cp. Myers & Burr 1940, Steemann 
Nielsen 1949). In the experiments with HCO,- ions as the carbon-source 
a chlorophyll-sensitized photo-oxidation also must take place at 100,000 lux. 
It must further be assumed that above all an enzyme specifically connected 
with the transport of OH ions is affected, this enzyme acting as limiting 
factor at high light-intensities with HCO,— ions as source of carbon. 

Under these circumstances it is clear that the rate of photosynthesis in 
Myriophyllum spicatum with HCO,— ions is always lower than when free 
CO, is the carbon-source (see Fig. 1). Plant species may, however, be found, 
where it is possible to get an equally high optimal rate of photosynthesis 
when using HCO,— ions or free CO, as a source of carbon. 


4. Summary 


When HCO7, is the carbon-source in photosynthesis in water-plants pro- 
portionality is found between the concentration of HCO,” ions in the sur- 
rounding water and the rate of photosynthesis. In experiments on trans- 
location of salts through thalli and leaves of water-plants proportionality is 
also found between the concentration difference and the rate of translocation 
of the salt through the plant. 

As shown by Olsen (1949) the rate of active ion absorption in plants does 
not depend on the concentration of the ions in the nutrient solution. He 
further makes it clear that theoretically this is to be expected. It is there- 
fore concluded that both the absorption of HCO,- ions during photosynthesis 
and the translocation of salts through thalli and leaves of water-plants are 
simple passive diffusion processes. 

It is further shown that the two processes mentioned are alike in other 
respects, too. When using a solution of a single salt instead of a balanced 
solution of different salts, both the absorption of HCO,— ions during photo- 
synthesis and the translocation of a salt decrease considerably and imme- 
diately. On the other hand, the absorption of CO, and the translocation of Oz, 
both non-electrolytes , are independent of the ionic composition of the 
solution. 

The one-sided transport of OH ions during photosynthesis in higher water- 
plants with HCO,~ as the carbon-source is an active process. It is shown 
that at low light-intensities a special photochemical process is limiting this 
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transport (and therefore photosynthesis, too). At high light-intensities in 
Myriophyllum spicatum it was rendered probable that the rate of an enzy- 
matic process participating in the transport of the OH ions is limiting this 
process and therefore the over-all reaction of photosynthesis. 
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Formulation of the Problem 


The main difficulty connected with a study of the mechanism of the 
auxin action is that the cell elongation is accompanied by metabolism of 
different kinds, such as transformation of nitrogenous and nitrogen-free 
compounds (Frey-Wyssling, 7) and respiration (Kopp, 8). The simple pic- 
ture of cell elongation as only an increase in volume caused by a water 
absorption should not hold true for the normal process of elongation, as has 
been demonstrated especially by Wirth (10) and Kopp (8). Wirth found, 
for instance, that corn coleoptiles elongating from 9 to 55 mm. increased 
their protein content from 0.51 to 1.63 mg. per plant. It is true that the 
synthesis of proteins is less rapid than the increase in length, but the result 
supports the conclusion drawn by Kopp from experiments with wheat roots 
that a considerable part, at least half of the protein synthesis, takes place 
during the cell elongation. The same observation has been made by Brown 
and Broadbent (1). In coleoptiles there are still some cell divisions during 
the elongation, but such do not occur in the zone of elongation of grass 
roots. The protein synthesis, therefore, is undoubtedly localized to a large 
extent in the elongating, non-dividing cells. 

This does not imply that there must be a causal connection between the 
mechanism of elongation and a new formation of cytoplasm, or between the 
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latter and the growth-regulating auxin. Christiansen and Thimann (6), on 
the other hand, have performed studies on the influence of auxin alone and 
in combination with the inhibitors iodoacetate, arsenite, and fluoride on the 
nitrogen metabolism of sections of pea stems, and they concluded that the 
transformation of nitrogenous substances is »critical for growth». Their 
results reveal that the stem elongation in water is connected with an 
appreciable synthesis of proteins from soluble nitrogen compounds. An 
addition of auxin increases the elongation from 20 to 50 per cent but causes 
only a slight increase, about 10 per cent, in the protein content. The in- 
hibitors reduce both the protein formation and the growth by about 50 per 
cent. The results do not necessitate the assumption that the auxin-induced 
elongation is connected with a protein synthesis; the auxin effects are, per- 
haps, not even quite significant, but it seems plausible that a certain syn- 
thesis of protein really is a prerequisite for the growth. 

In order to investigate the problem whether or not the cell elongation is 
causally linked with a new formation of cytoplasm or wall material, the 
dry matter production has been studied in roots treated with 3-indoleacetic 
acid (auxin), a-(parachlorophenoxy) isobutyric acid (PCIB), and «-3-indole- 
isobutyric acid (IIBA). The growth action of these acids on roots has been 
described in previous papers (Burström, 2, 4, 5). Auxin inhibits the cell 
elongation in the concentrations 10~* to 107% mol. used in the experiments. 
PCIB exerting the contrary effect increases under optimal conditions, a con- 
centration of 2:10-° mol. and pH around 4, the root elongation by more 
than 100 per cent. IIBA has principally the same action, although it has 
been less studied. Neither compound causes a consistent change in the cell 
multiplication but regulates mainly the cell elongation. The action of PCIB 
was explained as an antagonism against naturally present auxin, a hypo- 
thesis founded on microscopical studies. It is thus possible by supplying 
appropriate concentrations and combinations of auxin and its antagonists 
to regulate more or less at will the cell elongation of the roots within wide 
limits. 

Roots of intact wheat plants grown for up to six days in complete nutrient 
solutions with additions of the acids have been analyzed for their content 
of soluble and insoluble nitrogen, and the cell elongation has been determined. 


The culture methods agree with those described in previous papers. Total nitrogen 
was determined by the micro-Kjeldahl procedure, soluble nitrogen according to 
Thimann (6). The weight of the organic nitrogen compounds was computed in 
mg. by multiplying N mmol. by 87. This value subtracted from the total dry 
weight gave a residue, called nitrogen-free organic matter. The growth was followed 
microscopically with established methods (Burstrém 2, 4). 
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Table 1. The influence of «-(parachlorophenoxy)isobutyric acid (PCIB) on the growth 
and composition of wheat plants. 
A. Nitrogen utilization. — Nitrogen mmol. per six days and 48 plants. 

| Nitrogen uti- | Nitrate absor- ; € ms 
| lized from bed from ; ee 2 = NU Mu 3 | 
| the seed the solution | „ Anlutate mmol. | 9/0 of abs. | 
| | 
1.31 2.85 | 1.02 1.83 64 | 
10- 1.31 3.05 | 1.12 1.93 63 | 
1.26 2.60 | 0.89 1a | 66 | 


B. Increase in the plant after six days and per 48 plants. 
ee ee ee eee 


en 
mol. moe cee ay Insoluble ea ate | mätten | 
" | tion mm. | weight g. | wei : i ; | 
per | per organic | organic | organic SENG mg. | 
| 
Leaves | 
0 = 7.16 0.654 1.89 0.70 2.59 0.76 427 | 
10-6 = 7.13 0.654 1.80 0.84 2.64 0.86 423 | 
10-5 == 6.31 0.614 1.74 0.57 2.31 0.63 412 | 
Roots | 
0 57 +2 2.93 0.198 0.37 0.18 0.55 0.27 149 | 
10-6 | 10742 3.83 0.212 0.40 0.20 0.60 0.27 159 
10-5 | 108+ 2 3.63 0.219 0.48 0.17 0.65 0.26 162 


The General Utilization of Nitrogen 


Only two experiments will be recorded in order to show the absorption 
and utilization of nitrogen by the entire plants grown in the presence of PCIB. 

During six days under standard experimental conditions the plants received 
about 40 per cent of their organic nitrogen from the seeds, which after this 
time were nearly exhausted. The remaining 60 per cent were taken as nitrate 
from the nutrient solution. As shown in table 1 A there was no significant 
change in the total consumption of nitrogen in the PCIB-treated plants, 
although the roots had increased their length by about 100 per cent (table 
1 B) and their fresh weight by about 30 per cent, and the roots are the seat 
of not only the ion absorption but also a considerable part of the assimilation 
of nitrate (Burström, 3). The increased size of the root system did not seem 
to result in a correspondingly increased physiologic activity. It is also strik- 
ing that the dry weight of the roots was very little affected. 

The dry matter was divided into nitrogen-free and nitrogenous compounds 
(table 1 B). The amount of the former was practically constant in the roots, 
but there were some variations in the nitrogen fractions. The insoluble 
organic nitrogen, roughly corresponding to protein, increased in the roots 
and decreased slightly in the leaves; whereas there was a marked reduction 
in the amount of soluble organic nitrogen in the leaves at the highest con- 
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Fig. 1. Growth, dry matter production, and nitrogen content of roots grown in a-(para- 

chlorophenoxy)isobutyric acid for six days. — Root elongation in mm.; increase in nitro- 

geneous and nitrogen-free compounds of the roots in mg. per 48 plants. Increase in dry 
weight of the leaves in g. 


Legend. — root length 
Es ee nitrogen-free substances mg 
Sn u nitrogenous substances mg 
Sa OO ar leaf weight g. 


centration of PCIB. The increase in insoluble nitrogen in the entire plant 
amounted to 2.26, 2.20, and 2.22 mmol. for the three treatments respectively. 
This means that the formation of protein is constant, if the whole plant is 
considered, but more is withheld in the roots in the rapidly growing PCIB- 
plants. The lower nitrogen figures and the reduced growth of the tops in 
the highest concentration of PCIB may be caused by this factor. 

The tendency towards an accumulation of especially protein nitrogen in 
the PCIB-roots has been observed repeatedly, but the decisive point is the 
quantitative relation between the increase in protein and the growth. It is 
obvious that there is no proportionality at all between protein and growth, 
regardless of whether the latter is measured relative to length or weight of 
the roots. In 10° M PCIB, for instance, the root length increased by 88 per 
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cent, the water content by 34 per cent, and the amount of protein by 8 per 
cent. The nitrogen-free compounds had increased by 7 per cent. As the 
diameter of the roots did not change significantly this must imply that the 
increased root length depends mainly upon an increased amount of water 
and intercellularies, but very little upon an increase in the amount of cyto- 
plasmic and wall substances. 

The lack of correlation between root elongation and dry matter is also 
illustrated in figure 1, which is based on two series of experiments. The 
amounts of organic nitrogen and nitrogen-free compounds in the roots in- 
creased by 30 and 20 per cent, but the root length by not less than 150 per 
cent with a maximum around 2:10-° mol. The highest concentration of 
3.10-° M prevented the elongation completely, but the dry matter produc- 
tion was still about 60 per cent of the normal figure. It appears from the 
graphs that dry matter production and elongation may follow each other 
fairly well within the limited interval between 10—° and 10° M, but not at 
all if a wider range of concentration is considered. 

The dry weight of the leaves decreased slowly but continuously with 
increasing addition of PCIB, and so did the amount of organic nitrogen 
in the leaves. The content of organic nitrogen in the entire plant amounted 
to 3.19 mmol. for the control plants and to 3.36 and 3.27 mmol. respectively 
for the two lowest concentrations of PCIB. Thus the decrease in the leaves 
did not quite make up for the increase in the roots, but the total increase 
was scarcely significant. 


Dry Matter and Cell Elongation 


In these experiments the dry matter content was compared with the total 
elongation of the roots, but it is not certain that this is a correct expression 
of the cell elongation. It has been mentioned that PCIB generally does not 
change the cell multiplication only the cell stretching, but irregularities 
occur, and it is thus necessary to compute the dry matter production with 
due attention paid to the cell multiplication. This has been done in a number 
of experiments with additions of various growth compounds. Some relevant 
examples of different kinds will be recorded. 


Table 2. The influence of PCIB on the cell elongation and dry matter production in roots. 
— Increase in the plant after three days and per 100 plants. 


| PCIB Dry | Insoluble | Soluble N-free Root Cell Cell | 
mol. matter | Water g.| organic | organic matter length length ee | 
per |. g. N mmol. | N mmol. mg. mm. mn | 
0 0.261 3.79 0.648 | 0.199 104 229 + 05 190 + 4 11571008) 

3 10—6| 0.283 | 4.26 0.673 | 0.249 ah 41.5 + 0.6 358 +5 116720 
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Table 3. The influence of auxin and PCIB on cell elongation and dry matter production 
in roots. — Increase in the plant after six days and per 100 plants. PCIB 10-6 M, 
auxin 10-7. M. 


ne an 


Cell Nitrogen mmol. y 
ape Cell Nitrogen-free 
Addition length | „umber | Insoluble | Soluble | “otal: lite mg. 
b organic | organic | organic 
DONEI ae een Seo 278 0.837 0.193 1.030 293 
PCI. ee 305 + 4 295 0.883 0.259 1.142 300 
AUXIDE Eee os raccbes 185 + 4 271 0.817 0.263 1.080 283 
POIB- auxin 1... 263 + 5 291 0.903 0.268 ne 306 


Table 2 contains the data from one experiment in which the roots of more 
than 200 plants of each treatment were subjected to a chemical and micro- 
scopical study. The time of the experiment was limited to three days in 
order to minimize or exclude the error caused by an incipient formation 
of lateral root initials. The increase in the elongation amounted to 89 per 
cent with exact proportionality between root and cell length, which denotes 
a constant cell multiplication. The greatest change was again found in the 
amount of water of the roots, and the protein and non-nitrogen fractions 
did not increase by more than 4 and 6 per cent respectively. 

Another experiment with a nearly constant rate of cell multiplication is 
recorded in table 3. Auxin and PCIB were here added alone or in combina- 
tion, so that the cell elongation changed in both directions from the control. 
The amount of nitrogen-free matter was again unaffected, and the content 
of insoluble organic nitrogen computed relative to the cell number gave 
the remarkably constant figures of 0.301, 0.299, 0.301, and 0.311 for the 
four treatments respectively. 

The same plan was followed in a second experiment with auxin 10° M, 
which need not be given in detail. The following figures were obtained for 
cell multiplication, cell length, and content of insoluble nitrogen compounds 
for the four treatments: 


addition cell number celllengthu N absolute relative 
DOTE, shew k tes 400 261 43 106 
Pigs Bio ale ae OO 372 55 104 
PERN ARE Ludo 355 176 45 128 
PEIBFauxin. „710 204 45 110 


There were in this instance changes in the cell multiplication, and the 
nitrogen values are given both in absolute figures and relative to the cell 
number. The latter figures are very constant, except for auxin alone, but 
there an incipient formation of lateral initials must be considered. The 
absolute amounts of insoluble nitrogen were nearly as constant for the auxin- 
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Table 4. The influence of «-3-indoleisobutyric acid (IIBA) on the growth and composition ; 
of wheat roots. — Increase in the roots after six days and per 20 plants. 


———————— EE 


is Elongation | Cell use Call number Dry weight | Organic N N-free 
per I. mm. iD mg. mmol. matter mg. 
| 
0 78 +1.5 161 481 65 0.144 | 52 
LOR? 85 + 1.9 199 425 66 0.150 | 53 | 
10—6 109 + 3.7 291 374 65 0.157 51 | 
10—5 138 + 3.5 353 391 62 0.133 | 50 | 


* Mean error + 2u. 


treated roots as in the foregoing experiments, however. This is interesting, 
because it may indicate that the roots have a limited amount of organic 
nitrogen available, but are able to dispose of it in different ways. 

This is even more evident in the last example, given in table 4, in which 
the plants were supplied with q-3-indoleisobutyric acid. The table shows 
firstly that the action of the auxin derivative was generally the same as 
that of the phenoxyderivative. It has been mentioned in a preliminary com- 
munication (Burström, 5) that the anti-auxin action seems to follow the 
isobutyric acid group. The action of the auxin homologue was even stronger 
than that of the phenoxyacids, an increase in cell length by 120 per cent 
has seldom been encountered with other substances. The cell number de- 
creased irregularly with increasing elongation of the cells. The dry weight 
of the roots and the fractions of nitrogen and nitrogen-free compounds 
were fairly constant, however, so that the profound changes of the growth 
behaviour leave the synthetic processes apparently unaffected. It may be 
assumed that this was due to either a limited supply of nutrients or a limited 
capacity for syntheses, but in spite of these factors more than a doubling of 
the elongation of the root cells was possible. 

This assumption is supported by a comparison between the three recorded 
six-day experiments. The controls should, of course, agree but they do not 
do so exactly when the investigation such as this one is extended over a long 
period of time. Some values for the control plants from tables 1, 3, and 4 


Table 5. Data of control plants from the experiments of tables 1, 3, and 4. — Increase 
in the plant after six days and per 20 plants. 


Root Organic nit- | Nitrogen-free 
Expt. length rogen com- |organic mat- 
mm. pounds mg. ter mg. 
Tab. 1 57 20 62 
3 65 18 59 
4 78 13 | 52 
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have been collected in table 5. They show that the experiments with a 
constant or increasing cell multiplication are characterized by a high nitro- 
gen content of the roots and they agree perfectly. In such instances the anti- 
auxins caused an increased cell elongation, but no change in the cell multi- 
plication, save for an occasional slight increase. In the latter case there was 
also a corresponding increase in the dry matter content so that the contents 
of protein nitrogen and nitrogen-free compounds per cell remain constant. 
In the experiment reported in table 4, however, the nitrogen content happened 
to be unusually low; nevertheless, the anti-auxin caused the regular increase 
in the cell elongation, but partly at the expense of the cell multiplication. 


Conclusions 


It is obvious that the nitrogen supply may limit the growth, which is 
hardly surprising, but nevertheless the isobutyric acid derivatives increase 
the cell elongation and the resulting root length. Similarly the amount of 
nitrogen-free organic maiter is obviously independent of the cell final size. 
The results can not be interpreted in other way than that the elongation 
is not connected with or dependent upon the bulk organic syntheses in the 
roots, neither the protein formation nor the synthesis of nitrogen-free sub- 
stances, among which the wall material ought to dominate. 

This seems to be at variance with the results obtained by Christiansen 
and Thimann (6). The increase in the protein content by some 10 per cent 
caused by auxin in their experiments is scarcely greater than that occasionally 
but not regularly observed under the influence of anti-auxins in roots, and 
it does not make up by far for the increased elongation, neither in Thi- 
mann’s experiments nor in ours. It may even be that this slight increase is 
caused by the increased growth and larger volume of the cells. In roots 
it is connected with an increased cell multiplication, and has nothing to do 
with the elongation of the cells. 

Christiansen and Thimann also emphasize the fact that the mentioned 
enzyme inhibitors reduce both elongation and nitrogen metabolism; whereas 
other growth inhibitors such as neutral salts according to Thimann, Slater and 
Christiansen (9) do not modify the contents of reducing sugars and aspara- 
gine. This seems to indicate some independence of elongation and nitrogen 
metabolism, but it may be, as concluded by Thimann, that the elongation 
is controlled by different processes, among them the protein synthesis. This 
is necessarily true, at least if the organs suffer from such a lack of nitro- 
genous matter that the cytoplasm could not be »diluted» by more elongation 
of the cells. That such is not the case in ordinarily fed roots is obvious, 
because they can go on elongating considerably without any increased for- 
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mation of protein, and finally at the expense of the formation’of new cells. 
Roots and shoots may behave differently in this respect, however, and a 
comparison presupposes a knowledge of the fundamental reason for the 
differences in the growth behaviour of roots and shoots, which we do not 
possess. 

The consequence of the given interpretation is, of course, that the auxin 
action is not primarily connected with the nitrogen metabolism nor with 
the synthesis of wall substances. As a matter of fact, auxin and anti-auxins 
regulate the cell elongation of the roots within wide limits by changes of 
the shape and volume of the cells, but highly independently of their content 
of dry matter. The results hardly support the assumption that auxin acts by 
regulating some part of the intermediary metabolism, but speak more in 
favour of the hypothesis that it acts upon the structures of the cell and 
the ensuing water absorption. 

This implies that roots grown under the influence of anti-auxins must 
have other physical properties than normal ones, owing to the higher content 
of water and intercellularies and the relative »dilution» of cytoplasmic and 
wall material. Such is apparently also the case. Normal, young roots do not 
grow straight vertically in a solution but under various accidental angles; 
roots grown in anti-auxin solutions, however, are easily recognized by the 
strict vertical position, which may be caused simply by a reduced mechanical 
strength. 

Normally the cell elongation is accompanied by a new formation of cyto- 
plasmic and wall substances, as has been especially emphasized by the 
quoted Swiss investigators and by Brown and Broadbent (1). The present 
results indicate, however, that this does not imply a causal connection be- 
tween the two phases of growth. 


Summary 


The influence of auxin and the anti-auxins «-(parachlorophenoxy) isobuty- 
ric acid and a-3-indoleisobutyric acid on the growth and composition of 
wheat roots has been studied. 

Even with a doubling of the cell elongation and the stretching of the 
whole roots, the amounts of insoluble nitrogen and nitrogen-free organic 
compounds undergo only small or no changes. It is concluded that the 
elongation mechanism is not connected with a new formation of cytoplasmic 
or wall substances. Consequently, auxin can hardly primarily interfere in 
these parts of the metabolism. The two phases of growth, the cytoplasmic 
growth and the cell elongation, really seem to be physiologically separated, 
even if they normally overlap. 
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Garner and Allard (1920, 1922) were the first to classify plants into three 
groups on the basis of their photoperiodic responses. Since then considerable 
amount of work has been done which has been reviewed elsewhere (Keller- 
man, 1926; Redington, 1929; Garner, 1936, 1937; Burkholder, 1936; and 
Gregory, 1936). 


When plants were grown for a certain number of days in a given photoperiod 
during the early stages and then transferred to a different day length, the first 
photoperiod was shown to influence the subsequent development of plants (Eghis, 
1928). Similarly Rasumov (1930) found in the case of millets that the earliness in 
flowering was brought about either by continuous short days or by ten short days 
followed by long days. Hurd Karrer (1930), Forster et. al. (1932), McKinney and 
Sando (1930, 1935), Whyte and Oljhovikov (1939), similarly showed that sexual 
reproduction in winter wheat is favoured by an initial exposure to short days follo- 
wed by long days. It is, therefore, clear from these results that exposure to certain 
photoperiods exerted some influence which was later manifested in the development 
of the plant towards maturity. Chailakhian and Aleksandroyskaia (1935) have shown 
that only a short day after effect is possible for short day plants and only a long 
day after effect exists for long day plants. Photoperiodic induction effects in other 
plants have also been noted by Purvis (1934), Murneek (1940), Greulach (1942), and 
Whyte (1942). According to the Theory of phasic development as postulated by 
Lysenko (Whyte and Hudson, 1933; Whyte, 1939; and Imp. Bur. Plant Genet. Bull. 
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No. 17, 1935) light is an essential requisite of photo-stage which is supposed to follow 
the thermo-stage. For the completion of the photo-stage long day plant requires a 
definite amount of light which may be supplied by continuous illumination or by 
alternating light and darkness provided the dark period is short. More recently 
Chouard (1944), and Chinoy and Nanda (1946) have shown that in long day plants 
darkness is not essential at any stage of development. Short day plants on the other 
hand, require darkness to complete this stage. The requisite amount of darkness 
may be given once for all in the early stages. Although earlier workers (Gassner, 
1918; Maximov (1929) and Pojarkova, 1927) have shown that low temperature is 
necessary for the completion of thermo-stage, it has been subsequently established 
that low temperature is not an essential factor for flowering in winter cereals and 
that flowering is equally accelerated by an initial treatment with short photoperiod. 
(Lebedinceva, 1933; McKinney and Sando, 1933; Purvis, 1934, 1936). It, therefore, 
appears that in the case of cereals the thermo-stage is not obligatory (Purvis, 1936; 
Purvis & Gregory, 1937) and that the photo-stage can be completed even without 
the previous completion of the thermo-stage. If winter cereals are grown through 
the winter in a green house with higher temperature, flowering takes place in leng- 
thening days of spring. Analysing the position regarding cereals, Purvis (1936) sta- 
tes that in both the spring and winter types flowering is accelerated by long days 
except during the very early stages of winter cereals when short photoperiod seems 
to be more effective. 


As excellent reviews on this subject have appeared elsewhere (Verdoorn, 
Chronica Botanica Co. 1948; Whyte 1946), it is not necessary to elaborate 
it here. This survery, however, reveals a great paucity of published infor- 
mation on certain aspects of the problem of phasic development. Besides the 
obligatory nature of the thermo-phase and the strict sequence of the phases, 
other fundamental postulates of the theory of phasic development have been 
called into question by the investigations undertaken at the Indian Agricul- 
tural Research Institute, New Delhi since 1941. It is proposed to deal with the 
subject matter of these investigations in a series of publications. Abnormalities 
in the development of the spike induced as a result of photoperiodic treatment 
(Chinoy and Nanda, 1946) and the possibilities of the existence of a gameto- 
phytic (Nanda and Chinoy, 1945) as well as a drought phase (Chinoy, 1942) 
and the correlation between photosynthesis and respiration on the one hand 
and phasic development on the other (Dastur and Chinoy, 1932) have been 
reported in previous communications, The present paper deals with the effect 


of photoperiodic treatment on time of flowering of wheat, and its correlation 
with spike growth. 


Experimental Procedure 


Three pure line varieties of wheat (Triticum vulgare var. N.P. 165, N.P. 52, and 
P.C. 591) were used for these experiments. Twenty-five graded seeds falling within 
a range of 45--50 mg. weight were placed on a thin layer of sterilized sand in Petri 
dishes and watered with 5 ml. of distilled water. These germinating seeds. were 
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Fig. 1. Arrangement for giving short day treatment. 


Fig. 2. Arrangement for giving long day treatment. 
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exposed immediately to the following photoperiodic treatments, (1) complete dark- 
ness, (2) 6-hour daily illumination alternating with 18 hours of darkness, (3) almost 
equal periods of light and darkness (normal day-light of October—March at Delhi), 
(4) 18 hours of daily illumination alternating with 6 hours of darkness (normal 
day-light supplemented by artificial illumination from four 200 watt day-light bulbs 
at a mean distance of 2 ft. from the seed for a requisite period), (5) continuous 
illumination (24-hour light period). After the completion of the above light treat- 
ments which have been called photoinductive treatments, the seedlings were trans- 
planted in unglazed pots and exposed to: (a) a short-day (SD) with a 6-hour period 
of illumination, (b) normal day (ND) with natural illumination of October—March 
at Delhi, (c) long day (LD) either 18 hours or 24 hours of illumination as shown for 
different experiments. In SD treatment the daily light period was shortened by 
screening with double or treble canvass sheets (Fig. 1.) and for LD treatment the 
four electric bulbs were supported from wires stretching across iron posts as shown 
in Fig. 2. 

Full details regarding number of seedlings and pots used, growth measurements 
and length of different treatments are given separately for each experiment. Different 
-combinations of photoinductive and post-photoinductive treatments are described in 
the text by combining the serial number of the former with the abbreviation of the 
latter. Thus for instance: 1—SD means that the seedlings were kept in complete 
darkness during the period of photoinductive treatment and were subsequently 
exposed to post-photoinductive treatment of short day; 5-LD means that the seed- 
lings received continuous illumination during the photoinductive treatment and a 
long day during the post-photoinductive treatment and so on. 


Experiment No. 1 (1941—42) 


Varieties used. Three-N.P. 165, N.P. 52, and P.C. 591. 

Photo-periodic treatments: 135 Petri dishes containing 25 graded seed (45— 
50 mg.) were moistened with 5 ml. of water and placed under the five photo- 
inductive treatments described above for the first twelve days. Thus 27 Petri 
dishes (nine for each of the three varieties) were placed under each treat- 
ment. The three post-photoinductive treatments already described were started 
immediately after the transplantation of seedlings in pots. 

Growth observations: Mean period between the day of sowing and the 
day of first anthesis in 10 plants selected at random was taken as the vegeta- 
tive period for each treatment. 


Experiment No. 2 (1942—43) 


In order to confirm the results obtained in 1941—42, experiment No i 
was repeated during 1942—43 with very few modifications. 

Photo periodic treatments: Only three photoinductive treatments Nos. 1, 3, 
and 5 were used in this experiment. Duration of treatment was increased in 
each case to 14 days. SD and ND treatments were the same as in experiment 
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No. 1. LD treatment was, however, continuous light instead of 18-hour day. 
In all 81 Petri dishes with 25 seeds in each were exposed to different photo- 
inductive treatments (27 for each variety). 

Growth observations were the same as in experiment No. 1. 


Experiment No. 3 (1942—43) 


Variety used: One — N.P. 52. 

Photoperiodic treatments were the same as in experiment No. 2. 

After the completion of the photoinductive treatments the seedlings were 
transplanted in lines in small plats prepared for the purpose in the field. 
The nature of the experiment imposed certain limitations on the layout of the 
experiment. As the LD treatment was likely to affect the results of the other 
two treatments if kept in close proximity, it was thought desirable to have the 
LD plot at some distance from the other two, so as to eliminate the effect of 
continuous illumination on SD and ND treatments. Therefore three blocks 
were made for the three post-photoinductive treatments instead of replicate 
blocks, and the three replications for each treatment combinations were 
randomized together with the photoinductive treatments in each block 
(30°X 15’). The randomization within each block was done in order to elimi- 
nate any errors arising from differences in the intensity of illumination at 
various points in the block. The error due to soil heterogenity was eliminated 
as far as possible by adequate manuring and watering of these plots as 
detailed below. The main purpose of doing this experiment in the soil was 
to remove restriction to root growth which is generally brought about by the 
limited space available in the pots. This was necessary as one of the objects 
of this experiment was to determine the relation between growth and 
development. 3 

Each plat contained 5 lines, 6 inches apart with about 25 seedlings in each 
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Fig. 3. Maximum and minimum temperatures. 
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line (4” apart). After transplantation fertilizer was provided thrice at fort- 
nightly intervals at the rate of 7.50 gram of nicifos and 3.75 gram of pot- 
assium sulphate per plat. 

There was no provision for control of temperature during the growth of the 
plant. Diurnal variations in maximum and minimum temperatures have been 
shown graphically in figure 3. 


Growth Observations 


Methods of growth analysis developed by Gregory (1921—1926) were used 
for these experiments, Observations were made for growth characters, 
flowering behaviour and yield characters. The present paper deals only with 
flowering of wheat. Details of other observations will be given in subsequent 
papers. 

Mean periods between the date of sowing and two well marked stages viz., 
(1) ear emergence and (2) anthesis, were taken as vegetative periods. For 
the sake of brevity the vegetative periods up to these two stages will be 
described in this paper as »ear emergence» and »anthesis» respectively. The 
emergence of the tip of the ear-head just above the base of the boot-leaf 
was taken as the stage of ear emergence and the first date of anther dehiscence 
was taken as anthesis. 


Experimental Findings 


The data for vegetative period are presented in tables 1—3 for experiments 
1, 2 and 3 respectively. As the results of »ear emergence» in experiment Nos. 1 
and 2 have been reported previously (loc. cit.) they have not been included 
here. Each figure in table 1 is a mean of 10 readings, in table 2 of 20 readings 
and in table 3 of 60 readings. It will be observed that the vegetative period 
is influenced by the length of the day. The effect. is even seen in the case of 
photo-inductive treatments which are of very short duration. Earliness over 
control is given in columns 5, 6 and 7 in both the tables 1 and 2 for N.P. 165, 
N.P. 52 and P.C. 591 respectively and in columns 4 and 5 of table 3 for 
N.P. 52. It will appear that the greater the daily photo-period, the greater is 
the earliness, Thus there is some quantitative relationship between the light 
given and the vegetative period. 

The major effects of the light treatments are further elucidated from single 
factor effects and are presented in table 4 for all the three experiments. As 
»ear emergence» show the same trend as »anthesis» further analysis has been 
made of anthesis data only. The analysis of variance (table 8) clearly demon- 
strates that all the single factor effects are highly significant in all the three 
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Table 1. Anthesis in three varieties of wheat under differential photoperiodic treatment. — 


Experiment No. 1 (1941—42). 
a SE eee eee eee ee eee 


Light Anthesis-Days Earliness over 1-SD (control) 
Treat- < 
ment N.P. 165 | N.P. 52 P.C. 591 N.P. 165 N.P. 52 P.C.- 591 
(1) (2) (3) (4) (5) (6) (7) 
1-SD 105.2 | 109.4 117.3 = = = 
2-SD 103.2 106.8 117.0 2.0 2.6 0.3 
3-SD 103.1 102.5 114.2 2.1 6.9 3.1 
4-SD 104.1 106.1 112.3 291 3.3 5.0 
5-SD 98.5 102.8 113.0 6.7 6.6 4.3 
1-ND 89.7 94.3 103.2 15.5 15.1 14.1 
2-ND 87.9 90.0 102.8 17.3 19.4 14.5 
3-ND 82.4 87.2 96.3 22.8 22.2 21.0 
4-ND 81.6 86.9 91.8 23.6 22.5 25.5 
5-ND 79.1 79.3 87.7 26.1 30.1 29.6 
1-LD 77.0 72.5 79.4 28.2 36.9 37.9 
2-LD 70.4 70.1 78.8 34.8 39.3 38 5 
3-LD 69.8 67.2 74.9 35.4 42.2 42.4 
4-LD : 67.8 68.7 = 37.4 40.7 = 
5-LD | 63.3 61.0 68.7 41.9 48.4 48.6 


Table 2. Anthesis in three varieties of wheat under differential photoperiodic treatment. — 
Experiment No. 2 (1942—43). 


es Anthesis-Days Earliness over 1-SD (control) 
reat- : 
ment N.P. 165 | N.P. 52 P.C. 591 N.P. 165 N.P. 52 P.C. 591 
1) (2) (3) (4) (5) (6) (7) 
1-SD 124.6 | 124.0 138.0 — = — 
3-SD 114.2 103.7 117.3 10.4 20.3 20.7 
5-SD 112.6 99.2 106.9 12.0 24.8 31.1 
1-ND 94.7 97.4 104.3 29.9 26.6 33.7 
3-ND 92.6 95.0 994 32.0 29.0 38.9 
5-ND 89.9 89.4 92.3 34.7 34.6 45.7 
1-LD 88.0 87.6 85.2 36.6 36.4 52.8 
3-LD 78.9 197 79.0 45.7 44.3 59.0 
| 5-LD 74.9 76.9 79.1 49.7 47.1 58.9 


Table 3. Ear emergence and anthesis in N.P. 52 under differential photoperiodic treat- 
ment. — Experiment No. 3 (1942-—43). 


Light a Earliness over 1-SD (control) 
reatwent Ear Emergence Anthesis - = - 
Ear Emergence Anthesis 
1) (2) (3) (4) (5) 
| 
1-SD 114.8 119.4 -- — 
3-SD 102.9 108.4 11.9 11.0 
5-SD 100.8 105.2 | 14.0 14.2 
1-ND 100.9 105.5 13:9 13.9 
3-ND 93.2 98.2 21.6 212 
5-ND 90.4 95.1 24.4 24.3 
1-LD 68.4 81.1 46.4 38.3 
3-LD 65.5 78.2 49,3 41.2 
5-LD 62.0 76.5 52.8 42.9 
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Table 4. Single factor effects. — (Anthesis — Days). 
eS eee 


Photo- a 2 Post Photo- = = FREE 3 

inductive | NPY | Nora | Korg | inductive | NoPy | Nova | Novs | ieties | Nord | No. 
No. 1 94.2 | 1048/1020! SD | 107.7| 115.6| 110.0 |N.P.165| 85.5 | 98.3 
~~ ele Or 89.3| 94.9| 99.6|N.P.52 | 86.9 | 94.8 
De 83.7 | 911) 923| LD 71.0| 81.0| 78.6 |P.c. 591| 95.5 | 100.1 


Table 5. Interaction — Photoinductive Treatment and Variety. — (Anthesis — Days.) 


EEE À 


Véarr Fiettsy 
Tite N.P. 165 N.P. 52 | P.C. 591 
inductive 
Treatment Experiment No. Experiment No. Experiment No. 
1 2 1 2 1 2 
No. 1 90.6 102.4 92.1 103.0 99.9 109.1 
» 2 87.2 — 88.9 == 99.5 _ 
» 3 85.1 95.2 85.6 92.8 95.1 98.4 
» 4 84.5 — 87.2 ose = = 
» 5 80.3 92.5 81.0 88.5 89.8 92.8 
Table 6. Interaction — Post photoinductive Treatment and Variety. — (Anthesis — Days.) 
AVS Pile ty 42 
Post Photo- ° 
intdctive N.P. 165 N.Ps 52 PIC 591 
Treatment __ Experiment No. Experiment No. Experiment No. 
1 2 1 | 2 1 2 
SD 102.8 117.1 105.5 | 109.0 114.8 120.7 
ND 84.1 92.4 87.5 93.9 96.3 98.6 
LD | ‘69.6 80.6 67.9 | 81.4 75.4 81.1 
Table 7, Interaction —- Photoinductive and Post Photoinductive Treatments. — 
(Anthesis — Days.) 
Post Photoinductive Treatment 
Photo- 5 : 
inductive D. N.D. L.D. 
Treatment Experiment No. Experiment No. Experiment No. 
1 2 3 1 2 3 1 2 3 
al a re HE el ne ge 7 Eee Sa > BE 
No. 1 110.6 128.8 119.4 95.7 98.8 105.5 76.3 86.9 81.1 
veg 109.0 — — 93.6 — — 73.1 — — 
» 3 106.6 111.7 108.4 88.6 95.6 98.2 70.6 79.2 78.2 
» 4 107.5 — — 86.8 = — — — — 
> 5 104.7 106.2 105.2 82.0 90.5 95.1 64.3 76.9 76.5 
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experiments. Here also it is quite clear that the photoinductive as well as the 
post photo-inductive treatments have accelerated flowering. It is worthy of 
note that the vegetative period under all combinations of light treatments, 
is greater in the case of late flowering variety P.C. 591 (table 4). The inter- 
actions between photo-inductive treatment and variety (table 5) and post 
photo-inductive treatment and variety (table 6) are both highly significant. 
The highly significant effects are clearly brought out from the analysis 
(table 8). It, therefore, appears that there is a differential varietal response 
to photoperiodic treatments. 

The interaction between photo-inductive and post-photoinductive treatments 
(table 7) is also highly significant (table 8). As photo-inductive and post 
photo-inductive treatments have ranged from darkness to continuous illumi- 
nation and as their effects have been found to be highly significant, it is 
quite understandable that plants under different combinations of these two 
types of light treatments will give differential response. 


Discussion of Results 


As already stated in the introductory part of this paper, the results presented 
here form only a small part of the studies of growth and development of 
wheat. Therefore these results can be fully discussed only at a later date in 
the light of other data to be presented in subsequent communications. Still, 
however, a few important points arising out of this work may be mentioned 
here. 

Garner and Allard have postulated a diurnal alternation of light and dark 
periods for flowering in plants. Garner (1933) in a subsequent paper has 
gone so far as to mention critical photoperiods for different plants. These, 
workers have definitely stated that long day plants cannot come into flowering 
unless the daily photoperiod is longer than the dark period. The data pre- 
sented here are not in agreement with the above mentioned findings of these 
workers. It is worthy of note that plants under 5-LD treatment which is 
equivalent to continuous illumination, have shown the greatest earliness in 
all the experiments. In other words wheat which has been classified as a long 
day plant does not require daily alternation of light and dark periods to 
flower. This finding, therefore, is in agreement with that of Chouard (1944) 
and Lysenko (loc. cit.). Further the idea of the critical photoperiod suggested 
by Garner (1933) is not substantiated by the present findings because wheat 
can complete its developmental processes even under 6 hour daily photo- 
period (1-SD treatment). In fact the wheat plant has shown a graded response 
to the various light treatments ranging from 1-SD to 5-LD treatments. This 
fact is clearly brought out by the increasing earliness with increasing photo- 
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Fig. 4. Spike development in three varieties of wheat, (Vi=N.P. 52, V2=N.P. 165, Vs= 
Punjab C. 591), under nine treatment combinations of photoinductive and post-photoinduc- 
tive daylengths. 


period. This is a very suggestive finding and further detailed analysis of this 
result will be given at a later date. The idea of quantitative relationship be- 
tween light treatment and flowering is further supported by the fact that there 
is varietal response to photoperiodic treatment as shown by the very signi- 
ficant varietal effects and also equally significant interactions between variety 
and photoperiodic treatments (Table 8). 

Further evidence for the quantitative relationship between light treatment 
and flowering is provided by a study of spike growth under different photo- 
inductive and post-photoinductive treatments in the three varieties. The 
growing points of the main shoots were dissected out periodically and not 
only the formation of ridges but also the length of the primordia were studied 
in Experiment No. 2 (1942-—43). Results of one such reading taken after 51 
days of growth are recorded in figures 4 and 5. The effect of post-photo- 
inductive treatments on spike growth, as seen from Fig. 4, is most pronounced 
in all the three varieties. This paramount effect of post-photoinductive treat- 
ment is however unable to mask the effect of the photoinductive treatment 
on spike growth. Growth in spike length has proceeded to the maximum 
extent in 5-LD treatment followed by 3-LD and 1-LD in all the three varieties. 
The delay in spike elongation in ND plants as compared io LD ones is very 
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Fig. 5. Scale drawings of spike 
of wheat (N.P. 52) at different 
stages of development under nine 
combinations of photoinductive 
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ments (X 3.3). 
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marked. This is reflected, as already stated, in the delay in the time of 
flowering in ND plants. In spite of the much smalier growth in spike length 
under this light treatment (ND), the effect of photoinductive treatment is 
again very clear. Thus for instance, spike growth in 5-ND plants has pro- 
ceeded to a much later stage than that in 3-ND plants followed by 1-ND. 
In spite of the very late development of the spike under SD treatment the 
photoperiodic induction effect is clearly discernible; and the spike growth is 
the greatest in 5-SD and least in 1-SD plants. It is also worthy of note that 
the varietal differences in the vegetative period (table 2) are also reflected in 
spike growth. Thus for instance spike growth in N.P. 165 and N.P. 52 appears 
to have preceeded much farther in general than in P.C. 591. This can be 
attributed to earlier flowering in these two varieties. 

The quantitative relationship between spike growth and flowering is 
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further elucidated for one variety (N.P. 52 in Experiment No. 3) by making 
periodic measurements and scale drawings of spikes of plants under different 
photoinductive and post-photoinductive treatments and the results of one 
such reading are given in Figure 5. It is interesting to note that internodal 
growth (as seen from this diagram) is also correlated with the time of 
flowering. Thus for instance, internodal length in 5-LD is greater than in 
3-LD followed by 1-LD. Internodal growth appears to have taken place in 
5-ND, 3-ND, 1-ND and 5-SD plants also to varying degrees. Internodes have 
not developed in 3-SD and 1-SD plants. This relationship between the time 
of flowering and stem elongation will be dealt with in greater detail in a 
subsequent communication. However, it will not be out of place here to 
observe that such correlations between spike growth, stem elongation and 
flowering are very suggestive. Correlation between length of spike after 51 
days of growth and »anthesis» (table 3) has been worked out and it is seen 
that a very highly significant negative correlation exists between spike length 
and time of flowering (r,,=— 0.71). This is found to hold good for spike 
development of different varieties of wheat flowering at different times as 
well as for any given variety under different photoperiodic treatments and 
at any given stage of spike growth (unpublished data). 


Summary 


1. Photoinductive and post-photoinductive treatments were given to three 
varieties of wheat (Triticum vulgare, var. N.P. 165, N.P. 52, and Punjab 
C. 591), for varying periods and their effects on flowering were recorded. 

2. The vegetative period is markedly influenced by the length of the day. 
The effect is seen even for photoinductive treatments which are of very 
short duration. 

3. There is a graded response to increasing photoperiod. This is suggestive 
of a quantitative relationship between the photoperiod and the vegetative 
period. 

4. Analysis of variance has revealed highly significant effects of photo- 
inductive and post-photoinductive treatments as well as for varieties. 


We wish to thank Dr. B.P. Pal, Head of the Division of Botany, Indian Agricultural 
Research Institute, New Delhi for providing the necessary facilities for work reported in 
this series of papers, and for his helpful suggestions. 
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In a previous communication (Almestrand 3) it was reported that pyrid- 
oxine had a stimulating effect on the growth of isolated roots of a strain of 
wheat, namely Weibull’s »Eroica», by activating the cell divisions in the root 
meristem. Thus, if the roots were cultivated in a medium supplemented with 
both thiamin and nicotinic acid, but lacking pyridoxine, the root growth 
ceased after about ten days. The appearance of such roots was very similar 
to that of isolated barley roots described by Almestrand (1). The roots were 
thin, tapering, and had relatively many laterals. Most of the meristem cells 
were elongated and vacuolated. As there, has been some discussion in the 
literature on the effects of pyridoxine on different strains of excised tomato 
roots, the author continued the investigation with the aim of establishing whe- 
ther or not the pyridoxine effect on Eroica was common to other wheat strains 
of different types. Moreover, it would be of interest to investigate whether or 
not the negative results of pyridoxine previously obtained in isolated root 
cultures of one strain of barley and one of oats (Almestrand 1 and 2) were 
characteristic also for other strains of these species. This paper presents the 
results of isolated root cultures of nine strains of wheat, six of barley, nine 
of oats and one of rye. Furthermore, some results from studies on the effect 
of pyridoxine on the metabolism of two wheat strains are discussed, including 
determinations of the absorption of glucose, nitrate and phosphate, and deter- 
mination of total organic nitrogen. 

In the earlier literature pyridoxine has been used as the name of vitamin B, 
as a whole, but here it is used in a restricted sense for the compound: 2-methyl- 
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3-hydroxy-4,5 bis hydroxymethyl pyridine according to Snell and Wright 
(17). The substance used here was pyridoxine hydrochloride, Merck Rahway, 
N. J., U.S.A. Some experiments on the effects of the two other components 
of vitamin Bg, pyridoxamin and pyridoxal will also be reported in this paper. 

In the main the experimental methods have been those described elsewhere 
(Almestrand 1, 2 and 3). All seed materials have been obtained from AB. Wei- 
bulls, Landskrona. 

The following methods for the chemical analyses have been employed: 
glucose according to Philipson (12), phosphate according to Scheel (16), 
nitrate according to Burström (6) and total organic nitrogen according to 
Parnas-Pregl’s modification of the Kjeldahl-method (9). 


Results 
Pyridoxine effects on growth 


I. Wheat 


The tables 1a and 1b give surveys of the results of the growth experi- 
ments of the nine wheat strains, cultivated in media with different combina- 
tions of the three vitamins thiamin, pyridoxine and niacin. Of the strains 
Standard II, Eroica, Eroica II, Ergo II, Aros and Virtus are autumn wheat 
strains, and Karn, Atle and Pondus are spring wheat strains. Thus the 
material seems to be rather heterogeneous. The results are founded upon 
two experimental series with the two corresponding values given in the same 
column in the tables. As is apparent from these the corresponding values 
often differ relatively, in spite of the fact that experimental conditions have 
been made as uniform as possible. The origin of these differences is hitherto 
unknown, but perhaps they are dependent upon the exact lengths of the 
inocula, a fact, which will be discussed later on. 

A comparison between the growth of various wheat strains with different 
combinations of vitamins shows among other things the following: 

1. There were differences between the growth velocity of the various 
strains. Thus the autumn wheat strains Standard II, Eroica and Eroica II 
and the spring wheat strain Karn had relatively small elongation. Especially 
the last mentioned strain had bad growth with very thin tapering roots and 
the same was also true of Standard II to a certain extent. 

2. There are differences within the same strains, when cultivated with 
different combinations of vitamins. Thus the columns 1, 2, 4, and 6 in the 
tables constantly have the longest roots. These have also relatively few 
laterals, long meristem residues and their general appearance is healthy. 
The roots in the columns 3, 5, and 7 are shorter, they have relatively many 
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Table 1a. The total lengths in mm. of nine strains of isolated wheat roots cultivated for 

10 days in darkness at 20 °C in culture media with different combinations of vitamins. 

Averages of 15—-20 roots. The controls without vitamin supplements are not shown, but 
they agree with the roots in media lacking pyridoxine. 


ee TE ET] 


1 

5 3 4 5 6 7 

Strain kee Py--Ni| B,+-Ni,| B,+Py| B, Py Ni 

100 79 48 81 38 106 44 

SEU ELST Sec: 118 140 98 120 90 125 81 
Er 167 167 102 161 117 170 104 
DURE 128 104 104 127 87 105 64 
ee 86 82 46 111 43 93 43 
STOICAELIE er 134 107 84 137 83 120 66 
SER 168 179 160 188 150 190 154 
Leo. Ur ee 157 154 120 140 131 162 101 
RR 151 140 47 151 54 127 52 
Doc he re 175 139 115 174 122 157 95 
Vi 146 137 127 144 131 154 137 
He rue 169 142 126 139 127 169 111 
i 93 94 43 103 41 102 41 
EIER 115 116 88 412 79 116 61 
ER 163 124 132 170 119 202 139 
ALES SH 189 178 92 171 104 156 66 
ser 103 120 96 125 102 90 93 
es ete oe ee 107 139 109 142 112 138 110 

Table 1b. The meristem lengths in mm. 

1 2 3 4 5 6 7 

Tale) a | Py+Ni]| B,+Ni| B,+Py] B, Py Ni 
0.41 0.38 0.39 0.49 0.23 0.44 0.20 
RENE 0.87 1.07 0.66 0.94 0.53 0.76 0.28 
Be 0.75 0.88 0.59 0.91 0.79 0.93 0.42 
RER, 0.75 0.59 0.74 0.56 0.60 0.54 0.05 
0.43 0.42 0.24 0.52 0.27 0.37 0.17 
FREE, 0.76 0.67 0.53 0.77 0.42 0.43 0.31 
ei 1.33 1,33 1.30 1.24 1.41 1.16 1.05 
2 0.91 0.92 0.91 0.80 1.18 0.94 0.92 
en 0.88 0.75 0.26 0.94 0.39 0.82 0.26 
ART 9.99 1.00 0.45 0.94 1.11 0.88 0.59 
se 0.68 0.98 1.39 1.03 1.35 1.20 1.01 
ER 0.70 0.67 1.10 0.66 1.11 1.00 0.72 
AAN 0.46 0.42 0.39 0.44 0.35 0.41 0.26 
0.34 0.40 0.25 0.30 0.27 0.30 0.23 
benennt 1.06 1.35 1.19 1.28 1.40 1.50 
1.24 1.09 0.71 1.13 0.94 0.92 0.36 
Pondus...... .. 0.64 0.91 0.61 0.83 0.67 0.68 0.57 
0.28 0.61 0.46 0.68 0.68 0.63 0.70 


Fig. 1. Typical isolated wheat roots culti- 
vated for 10 days in media supplemented 
with different combinations of vitamins. The 
roots are arranged in the same order as the 
combinations in table 1. Enl. 1/2 X. 


b. Virtus. 


laterals and shorter. meristems and their growth seems to be ceasing. These 
results agree with the findings with isolated roots of barley and oats. 

The figures 1 a and 1b illustrate the appearances of roots of two strains, 
namely Eroica and Virtus. The arrangement is the same as in table 1. It is 
apparent that the roots in media supplemented with pyridoxine grow generally 
better than those in media lacking this substance. 

For some wheat strains, however, the differences between the roots in 
different media are relatively insignificant. This is especially valid for 
Ergo II and Virtus of the autumn wheats (cf. figure 1b) and Pordus of 
the spring wheats. Ergo II and Virtus are also divergent by their good growth 
in media supplemented with only niacin. Thus the root length here is about 
80 per cent of the length in media containing pyridoxine, but as regards the 
other strains the length is only about 50 per cent. As far as the length in 
media supplemented with thiamin and niacin and thiamin alone is concerned 
about the same results are found. On the whole, the roots of Ergo II and 
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Table 2. The relations between root growth and response to pyridoxine of the 
investigated wheat strains. 


Strain Root growth a 
Standard II weak good 
Eroica ...... » » 
Eroica II ... > » 
Ergo II ...... good weak 
ATOS nee. » + weak 
Virtus eae » weak 
Karn 7... weak good 
Atlet er. good > 
Pondus ...... » weak 


Table 3. The relationships between the investigated wheat strains. 


Type of wheat Strain Relationships Comments 
Standard II S 
Eroica Standard II + Banküter + Aring All autumn 
Nut Heat Eroica II A line from Eroica wheat strains, 
a et eta Ergo II A selection from Ergo contain 
Aros Ergo + Aring Iduna wheat | 
Virtus Ergo + Svea II | 
Karn Extra Kolben x Halländskt spring wheat + All spring 
Marquis X Hätive inversable , : 
5 : wheat strains 
Spring wheat | Atle Autumn wheat Saxo + spring wheat canter 
Pondus oe wheat (sister to Atle) + spring Extra Kolben 


Virtus seem to be very independent of additions of vitamins, at least during 
the culture period of ten days used in these experiments. 

The differences in root lengths are generally illustrated by the corresponding 
differences in meristem lengths. The meristems of the two strains mentioned 
above are very uniform with all combinations of vitamins. Otherwise expressed 
the results obtained indicate that the typical pyridoxine effect, first dis- 
covered in root cultures of Eroica wheat, is not characteristic of all wheat 
strains to the same degree. Table 2 demonstrates the relations between the 
relative root growth and the response to pyridoxine. 

A comparison of the meristem lengths of all the root types after ten days 
of cultivation shows that they are generally diminishing, but this process 
runs relatively slowly as regards Ergo II, Virtus and Atle. In these roots the 
cell divisions apparently are able to continue in spite of the isolation and the 
lack of pyridoxine. On the other hand, Karn wheat has especially short 
meristem residues, even in pyridoxine-containing media. 
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Fig. 2. Isolated Eroica wheat roots, cultivated for 10 days 
in media lacking pyridoxine but supplemented with dif- 
ferent concentrations of an extract of coleoptiles of 
Eroica wheat not treated with ether. a) 0, b) 5, c) 15 
and d) 25 ml. of extract per 100 ml. nutrient media. 
Enlat/2 x. 


Table 3 gives a survey of the relationships between the different wheat 
strains cultivated here. A comparison of the growth results obtained indicates 
that all the three well-growing strains of autumn wheat contain Ergo wheat 
and they are not especially sensitive to pyridoxine (except Aros). Of the 
spring wheats, Karn wheat has the smallest elongation. This is a real spring 
wheat, while the two others are hybrids between spring wheat and autumn 
wheat, but in the same manner that the autumn wheat of Pondus is a 
sister to Atle. The latter seems to grow better than Pondus. According to 
these results the growth of isolated roots of autumn wheat is better than of 
spring wheat. Furthermore, the winter-hardiness of the autumn wheat strains 
increases from Standard II to Virtus and thus runs parallel with the root 
growth. The winter-hardiness, however, is a very complex quality and not 
completely solved. Summarizing the results it may be stated that those strains 
grow best which are most independent of pyridoxine. 

As pyridoxine is found in green plant tissues, it seemed reasonable to 
assume that extracts of wheat plants would be able to produce the same 
effects on excised wheat roots as the synthetic substance itself. Two factors, 
however, can mask the pyridoxine effect of such extracts. Primarily, it is 
possible that pyridoxine is synthesized and then immediately consumed, and 
thus its actual concentration is very low as will be the case in the extract 
too. Secondly, there is always the possibility that in the preparation of the 
plant extracts substances are formed, which might inhibit the root growth 
and in this manner counteract an eventual positive pyridoxine effect. 

Two experimental series have been carried out in order to study the effects 
of extracts of endosperm, leaf and root of wheat on the growth of isolated roots, 
with the aim of studying whether or not the observed results could be identified 
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with those obtained by synthetic pyridoxine. The methods have been the 
same in both series. Twenty gm. of Eroica wheat seeds were germinated in 
Petri dishes on filter paper for four days. Endosperms, leaves and roots were 
separated and mashed separately in a mortar with water at room tempera- 
ture. The solids were removed by centrifuging and the solution was diluted 
with water to 200 ml. and then divided into two portions of 100 ml. One 
was employed directly for preparing the nutrient media, but the other was 
extracted twice with 50 ml. of ether in order to remove substances of auxin 
character. The ether was evaporated by aeration of the solution. The extracts 
were added in varied concentrations to normal nutrient media lacking pyrid- 
oxine. The solutions were sterile-filtered through membrane filters according 
to Zsigmondy (cf. Almestrand 2). The results are given in the tables 4a 
and 4b. 

Two strains of wheat were cultivated: Eroica, which is very responsive 
to pyridoxine and Virtus, which is rather unresponsive. The results with 
Eroica wheat indicate that in media supplemented with endosperm extract 
which had not been treated with ether the growth is about the same as in 
solutions lacking pyridoxine, but there is a slight inhibition in increased con- 
centrations of endosperm extract. In ether-treated extracts the growth is 
somewhat less, which is peculiar. It is possible that some ether soluble growth- 
accelerating substance was removed. As regards leaf extract, there is an 
apparent inhibition in both types of extract and the same is true of root 
extracts. The root length in endosperm extract is greater than in leaf extract 
as well as in root extract. Thus no positive effect reminiscent of pyridoxine 
could be detected. The appearance of all the roots was more or less the 
same as that of roots from cultures lacking synthetic pyridoxine. This is 
illustrated by figure 2, showing Eroica wheat roots in different concentra- 
tion of leaf extract which had not been treated with ether. 

The experiments with Virtus wheat gave the following results. The growth 
in ordinary water extracts was constantly low compared with that obtained 
previously in solutions not supplemented with extracts and lacking pyridoxine. 
‘By the ether extraction, however, the growth was increased and the inhibi- 
tions must have been due to auxins, which stopped the meristem cell divi- 
sions. These seemed to proceed better in the extracted solutions. It is especially 
interesting that the Virtus roots seem to be stimulated by ether-treated root 
extract in low concentration. In stronger solutions they die immediately after 
inoculation, a phenomenon which was not observed with the Eroica wheat 
strain. The explanation seem to be that Virtus wheat, which has proved to 
be insensitive to pyridoxine, requires another factor for growth, which may 
probably be identical with the unknown growth factor generally lacking in 
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isolated root cultures of grasses. It has a relatively low optimum concentra- 
tion as regards Virtus roots. In the case of the pyridoxine-sensitive wheat 
strains both this substance and the hypothetical one must be present for 
good growth. 


IJ. Barley, oats and rye 


As previously reported pyridoxine experiments on both barley and oats 
have been negative. They have, however, been continued and the strains 
given in table 5 have been cultivated. 

Examples of the growth of two strains of barley and two of oats with 
varied combinations of vitamins are given in table 6. All barley strains 
showed the type of growth earlier found with Herta, with tapering roots 
which after ten days of cultivation were incapable of further elongation. 
No marked deviations between the various strains with different vitamin 
combinations could be established. 

As regards the oats strains two types have been examined, namely: those 
with yellow husks and those with black ones. No differences between these 
two types were found. In all cases growth corresponded to that earlier de- 
scribed for Bambu. Two strains with black husks, namely Stormogul II and 
Engelbrekts IJ, showed sometimes an unusual elongation of about 9 mm. 


Table 5. A survey of the cultivated strains of barley, oats and rye. 


Oats 
Barley With yellow With black Rye 
husks husks 

Balder auc Bambu Argus Petkuser 
| Drake" ite: Guldregn Engelbrekts II 
Edda Seger Stormogul II 
I Herta ances. Sol II 

Maj ar 27 Stjärn 

Stallarg ice. Trio 


Table 6. The total lengths in mm. of two strains of barley and two of oats, cultivated in 
media containing varied combinations of vitamins for 10 days in darkness at 23 °C. 
Averages of 20 roots. 


à amt 3 
Comb. of vitamins ; HRY Py + Ni| B, + Ni| B,+ Py B, Py Ni 
Maja 37 35 35 37 
Batler. „Mai 7 : 32 33 33 
Y | Edda 47 50 52 49 49 51 43 
Stormogul II 53 61 43 53 > 
Oat À i 3 45 46 49 
AS | Engelbrekts II 56 41 41 58 45 50 47 
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per day in the culture period of ten days. The microscopical study, however, 
revealed that all meristem cells had elongated and thus the apparent good 
growth was not effected by an increased meristem cell division. 

The only rye strain cultivated, Petkuser, behaved in the same manner as 
barley and oats and there were no differences either with varied combina- 
tions of vitamins or with varied concentrations of pyridoxine. 


Pyridoxine and the metabolism of roots 


The main part of the studies on the biochemical effects of pyridoxine has 
been carried out on animal tissues, bacteria and fungi, and, as far as the 
author is aware, none have been made on material from higher plants. 
Pyridoxine takes part in the protein metabolism as a transaminase (7). It 
should, therefore, be of a certain interest to study whether or not the varying 
response to pyridoxine of the wheat strains, also appeared in the protein 
metabolism. From this point of view only two strains.of wheat, namely, 
Eroica and Virtus, have been cultivated, but some analyses of roots of barley 
and oats are also presented here. 

Sterile cultures of roots must be regarded as one of the best controlled 
growth systems available. Thus by determining the protein content in the 
inocula it would be possible to study the increase of these substances during 
the root growth. Determinations of total organic nitrogen were made on the 
inocula of all four grass species. The seeds were germinated under the same 
conditions as those which were used for sterile cultures. After 4 days 10 mm. 
root tips were cut off and the fresh weight, dry matter and total organic 
nitrogen were determined. The results are given in table 7. As is evident there 
are no marked differences between the various species, but the dry matter 
of barley is less than that of the others. The nitrogen content of the root 
tips in per cent of the dry matter is about the same, but naturally the 
quantity in barley is smaller. The content is relatively high, which is due 
to the fact that the root tips are composed of a higher per cent meristematic 
cells than mature roots. 

From this basis it is interesting to study the differences in protein forma- 
tion of the four species, namely: wheat, relatively well-growing as opposed 
to barley, oats and rye. In table 8 a survey of the nitrogen content and phos- 
phate absorption of isolated roots of barley (Herta) and oats (Bambu), cul- 
tivated for three weeks, are given. During the first week there is an increase 
in fresh weight and dry matter. The main part of the elongation of these 
roots takes place in this period, later the increase is very insignificant (Alme- 
strand 1, figure 2). The root growth consists mainly of cell elongation as the 
cell divisions are rare. As the dry matter increases an absorption of ions and 
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Table 7. Determinations of fresh weight, dry matter and total organic nitrogen (given per 
200 root tips, length 10 mm.) of four grass species. 


Number Fresh Dry matter Total organic nitrogen 
Species 5 
& iger sa mg. per cent mg. per cent 

Wheat ... .. 9 514 +3 35.0 + 0.9 6.9 + 0.2 1.63 4.65 + 0.46 
(Virtus) | 
Ryerrane. 8 465 + 27 30.4 + 2.1 6.5 + 0.2 1.43 4.69 + 0.86 
(Petkuser) i 
Barley ...... 10 44247 25.2 + 0.5 5.7+01 | 1.18 4.68 + 0.37 
(Herta) | 
OAts me 5 446 + 3 34.4 + 2.4 7.4 + 0.7 1.65 4.80 + 0.47 
(Bambu) | 


Table 8. The fresh weight, dry matter, phosphate absorption and total organic nitrogen of 
isolated roots of barley (Herta) and oats (Bambu), cultivated in darkness at 23 °C. The 
values are given per 20 roots. 


Time | Fresh Dry matter Phosphate Total organic nitrogen 
Species in weight absorption 
days mg. mg. | per cent | mmol. 10-3 mg. per cent | increase 
0 44 2.5 5.7 = 0.118 4.7 = 
Barle 7 118 9.2 7.8 2.4 0.294 3.2 0.176 
y 14 86 9.7 11.3 1.9 0.184 1.9 0.066 
21 120 11.1 9.3 1.5 0.167 1.5 0.049 
0 45 3.4 7.5 0.165 4.8 = 
Oats 7 95 6.3 6.6 Qe 0.278 4.4 0.113 
14 64 4.6 7.2 1.4 0.092 2.0 = 
21 83 5.5 6.6 0.6 0.099 1.8 = 


glucose takes place in addition to the water absorption. The glucose absorp- 
tion, however, is less than that of wheat roots. The main part of the increase 
in weight seems to be due to the glucose accumulation, as only a small part 
is consumed in respiration (cf. Lundegärdh and Burström 10) and the 
absorbed amounts of ions are comparably low. 

From the values of nitrogen in table 8 it is apparent that there is a peak 
one week after an inoculation. This holds true both absolutely and per- 
centually. During the first week, when, as already mentioned, the main part 
of the root growth takes place, a synthesis of protein or at least nitrogenous 
compounds occurs. In the following period, however, this material again is 
-decomposed, especially in the oat cultures, and is exuded in the nutrient 
media (cf. Lundegardh and Stenlid (11) who have reported exudation of 
nucleotides and other substances from excised roots). It is also possible that 
the nitrogen compounds formed have been soluble all the time and the 
inability of further growth is in some way connected with the fact that the 
soluble nitrogen compounds can not be transformed into insoluble ones. 
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Table 9. The fresh weight, glucose absorption and phosphate absorption given per 30 
isolated roots of barley (Herta) and oats (Bambu) cultivated in normal basic media with 
1/50 mol glucose in darkness at 23 °C. 


eS 


Analysis Species | 0 days 5 days | 10 days | 15 days 
oO ET Se a ee 
RES RNCS ben Seren A ser 6 oi 95 105 126 160 
Glucose absorption mmol. ............... Barley — 0.049 0.059 0.107 
Phosphate absorption mmol. 10-3 ... = 2.5 3.4 4.7 
Fresh weight mg. N Re 110 000106 112 121 
Glucose absorption ‘mmol. an essuie te Oats — 0.033 0.029 0.034 
Phosphate absorption mmol. 10-3 ... = 2.9 2.3 1.7 


Table 10. The influence of different vitamin combinations on the metabolism of isolated 
roots of Virtus wheat, cultivated for 10 days in darkness at 23 °C. Original glucose con- 
centration 1/50 mol. The values are given per 20 roots. 


| Phos- | ,,. ; 
Dry matter |Glucose| phate De a ue 
Root |Fresh absorp- nitrogen 
Comb. of Tenet N weight ___| absorp-| absorp- ti 
vitamins 8 5 tion tion bie in- 
mm. mg. per mmol. per 
mg. mmol. | mmol. ow, mg. crease 
cent = 10-3 cent 
10-3 mg. 
| 
B, + Py + Ni 105 + 6} 240 197, 8.2 0.182 2.7 8.7 0.49 | 2.53 | 0.33 
Py STK NG MS. 106-+7| 266 21.8 8.2 0.187 27 8.2 0.50 | 2.30 | 0.34 
BE Nine. 113 +7| 260 20.3 7.8 0.179 2.2 9.3 0.50 | 2.43 | 0.34 
B,-+ Py ...... 112+ 6) 273 21.1 eel 0.198 3.1 8.3 0.51 | 2.44 | 0.35 | 
Dean 96 +7| 250 18.8 7.5 0.186 Boil 9.8 0.49 | 2.55 | 0.33 
LA EAU OU 109 + 8| 270 22.3 8.3 0.205 3.0 8.3 0.49 | 2.23 | 0.33 
Ne... 1108 Oo 245 19.8 8.1 0.198 31 9.5 0.48 | 2.36 | 0.32 


Unfortunately no determinations of these two nitrogen fractions have hitherto 
been performed on account of the difficulties in obtaining sufficient material. 
The results do not seem to indicate that the proteins are involved in the 
respiration, as there has been all the time a surplus of carbohydrates. The 
values of both nitrogen and phosphate indicate that a type of autolysis is 
taking place when the roots have ceased to elongate. This is illustrated by 
both barley and oats in table 8 and by oats alone in table 9. The growth of 
the latter was very minute in this experiment. 

The wheat strains have not been cultivated in exactly the same manner 
as barley and oats, as the stress was laid upon the study of the pyridoxine 
effect. 

The results are given in tables 10 and 11. At first in the case of Virtus 
it is apparent that the root lengths are slightly longer in the media supple- 
mented with pyridoxine. The deviations, however, are not so prominent as 
in the pure growth experiments, with only four roots cultivated in every 
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Table 11. The influence of different vitamin combinations on the metabolism of isolated 
roots of Eroica wheat, cultivated for 10 days in darkness at 23 °C. Original glucose con- 
centration 1/50 mol. The values are given-per 20 roots. 


a 


Phos- : : 
Nitrate Total organic 
Root | Fresh Daryamaticrs Glucose spate absorp- nitrogen 
Comb. of 5 absorp-| absorp-| .. 
3 : length |weight : : tion = 
vitamins tion tion mmol per in 
ee me mg. per | mmol. | mmol. 10-3 mg. | cent |Crease 
En 10-3 mg. 
B,+Py+Ni|80+5| 200 14.9 7.5 0.135 2.1 11.5 0.42 | 2.76 | 0.26 
Py + Ni ...... 93+7| 215 15.1 7.0 0.143 2.8 11.6 0.44 | 2.94 | 0.28 
B,+Ni ...... 72+4| 195 13.1 6.9 0.101 1.3 11.0 0.39 | 3.00 | 0.23 
Dee AE Se 83 +5| 180 13.0 6.9 0.112 1.5 9.6 0.39 | 3.03 | 0.23 
De cr 72+6| 175 12.0 6.9 0.091 1.5 8.7 0.38 | 3.24 | 0.22 
PS race 8s2+5| 195 14.5 7.4 0.238 eo) 8.9 0.42 | 2.00 | 0.26 ! 
NE 68+5| 165 11.5 7.0 0.093 1.5 8.1.1 0.370) 23.165.021 


flask. The origin of this result is not quite clear, but it is a well-known fact 
that, if many roots are placed together, they cause a self-poisoning, which 
can not be due to a lack of nutrients. The differences in root length are 
reflected in the fresh weight and dry matter, and thus are insignificant. 
Moreover, there are not any great differences in the nitrogen contents, nor 
even in those cases where pyridoxine was completely omitted. These results 
may naturally be connected with a relatively high original pyridoxine con- 
centration in the roots which can be eliminated only after repeated sub- 
culturing in pyridoxine-free media. 

Studies on the effects of different concentrations of pyridoxine varying 
from 0 to 5.0 mg. per litre also resulted in very insignificant differences. 

As regards Eroica wheat the number of analyses is smaller on account of 
a very infected seed material. Results from the cultivations with different 
vitamin combinations are given in table 11. The differences in growth here 
seem to be more significant than with Virtus wheat. The glucose absorption 
is generally less than that of Virtus wheat and the nitrogen content slightly 
higher. This illustrates that the greater growth of Virtus is accompanied by 
a higher glucose absorption and this difference seems to be the most apparent 
property of the different grass species. It also marks the differences in the 
varied vitamin combinations, Pyridoxine thus effects an increased absorp- 
tion of glucose. A study of the increase in dry matter compared with the 
absorbed amount of glucose reveals that between 40 and 50 per cent are 
consumed in the respiration process in the roots. The differences between 
the various experiments are insignificant, but indicate a smaller consump- 
tion in the pyridoxine solutions. It is apparent from the table that the 
nitrogen content in per cent of the dry matter is less if pyridoxine is added, 
but on the other hand the absolute values are greater with pyridoxine. The 
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substance thus also increases the synthesis of nitrogen compounds. This 
property does not seem to be quite so characteristic of Virtus wheat. 

The most striking feature of a comparison of the growth conditions of 
wheat versus barley and oats, is the great increase in fresh weight and dry 
matter of the former, e.g., after ten days of cultivation the fresh weight 
of wheat is increased 5 to 6 times against only a twofold increase with 
barley and oats. The largest differences in absorption lie especially in the 
absorption of glucose, and obviously this is the cause of the great increase 
in weight, if the accumulation of water is disregarded as the absorptions of 
nitrate and phosphate seem to be of the same order of magnitude as in 
barley and oats. According to this discussion one of the growth characteristics 
of barley and oats is the difference in the ability of absorbing glucose. On 
the other hand, no marked differences in the nitrogen contents seem to be 
prevail, judging from these analyses. 


Discussion 


In this paper some results of pyridoxine effects on the growth and meta- 
bolism of four grass species are presented. The growth results indicate that 
there are two general differences between the species, namely: wheat on one 
side and, rye, barley and oats on the other. Isolated roots of all nine wheat 
strains cultivated grow well in comparison to rye, barley and oats. These 
three species show no fundamental deviations with different combinations 
of thiamin, pyridoxine and niacin and, thus, these compounds seem to be 
without effect. Pyridoxine, however, has a positive growth effect on all wheat 
strains, even if the promotion varies. The strains Standard II, Eroica, 
Eroica II, Aros, Karn and Atle are very responsive to pyridoxine but Ergo II, 
Virtus and Pondus very slightly affected. The three latter strains differ very 
minutely both in root length and general appearance whether pyridoxine is 
supplemented or not, at least during the culture period used here. The facts 
thus show that had the study been limited to Virtus wheat probably no 
differences would have been discovered either in a macroscopical examina- 
tion or in a microscopical one. Further the response to pyridoxine is con- 
nected with the relationships of the strains. Those of the autumn strains 
which are most insensitive to pyridoxine have the best winter-hardiness. 

A varying response to pyridoxine has been observed by other authors on 
tomato material. Thus Bonner (4) cultivated five strains of widely separated 
origin and found that all required vitamin B,. White (20), on the other hand, 
studied one strain and established that B, was not necessary and also reached 
the same result when studying another strain for which Robbins and 
Schmidt (15) previously had proved that B, was essential for good develop- 
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Table 12. The growth of three species of isolated grass roots, cultivated in normal nutrient 
media lacking pyridoxine, but supplemented with different concentrations (mg. per litre) 
of pyridoxamin or pyridoxal for 10 days in darkness at 23 °C. Averages of 15 to 20 roots. 


a a. Barley (Herta), b. oats (Bambu) and c. wheat (Eroica). 
EEE | 
Substanee 0 0.1 0.3 0.5 1.0 5.0 
Pyridoxamin .................. 35 39 43 45 44 48 
Pyridoxal 3 
(autoclaved) sis. .....2.2 39 50 46 43 47 41 
(sterile-filtered) ......... me 42 42 45 46 45 52 
b. 
EE SE eT 
Substance 0 0.1 0.3 0.5 1.0 5.0 
Pyridoxamin Une a. 35 33 34 31 33 32 
Pyridoxal | 
(autoclaved)# "7 35 33 33 29 30 29 
(sterile-filtered) ............ 33 34 33 36 35 37 
©: 
Substance 0 0.1 0.3 0.5 1.0 5.0 
PYrIdoxa Min" 62 105 144 123 144 144 
Pyridoxal 
(autoclaved) .............-- 64 162 184 182 185 181 
(sterile-filtered) ...........- 78 140 127 139 156 184 


EB BE 


ment. Robbins (13) studied the growth of two inbred strains of tomato in 
comparison to the F, hybrid. He found that roots of one parent showed a 
greater response to pyridoxine than the other, but as regards nicotinamide 
the conditions were quite the opposite. Whaley and Long (18) reported 
similar findings in studying other isolated tomato strains. 

The origin of such differences may be due to varying ability of synthesizing 
pyridoxine. No determinations of the content of the substance in the wheat 
roots have been made as the available methods are not. quite satisfactory 
(Snell and Wright 17). Furthermore, two other compounds generally occur 
together with pyridoxine, namely: the other components of vitamin Bg, 
pyridoxamin and pyridoxal, both of which can be regarded as derivatives 
of pyridoxine. These substances seem to have the same effects as the 
pyridoxine itself, according to the experiments presented in table 12. The 
preparations used here have been: pyridoxamindihydrochloride (Hoffmann- 
La Roche) and pyridoxal hydrochloride (Bios Laboratories, New York). 
Pyridoxal is an aldehyde, and therefore both autoclaved and sterile-filtered 
media were prepared. Positive effects were obtained with both substances 
on wheat roots but negative ones on roots of barley and oats. Pyridoxamin 
seems to have a weaker effect than pyridoxal. According to Bonner (5) both 
pyridoxal and pyridoxamin are involved in the mechanism of the trans- 
amination acting as intermediate carriers of the keto and amino groups. 
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Robbins (14) has investigated the growth activity of twelve various ana- 
logues of pyridoxine on tomato roots, not including, however, pyridoxamin 
and pyridoxal. He found a high degree of specificity for pyridoxine, although 
neither an acetylation nor a substitution of an ethyl group for the methyl 
group in the second position on the pyridine ring had any influence on its 
beneficial action. In agreement with White’s results of unsubstituted pyridine 
on tomato roots, no growth-promoting activity was obtained on wheat roots. 

If the roots differ in their ability of synthesizing pyridoxine this process 
apparently takes place in the mature part of the root and not in the meristem. 
The performed experiments of subculturing have shown that, if the root tip 
of an isolated root grown for ten days after the original isolation is excised 
and transferred into a fresh medium, the meristem cell divisions stop and 
the new root becomes very thin and all cells elongate. On the other hand, 
however, a root can grow well for a long time in the same medium into which 
it was placed after being cut off from the seed plant (cf. Almestrand 3). 
These facts indicate apparently vital processes in the elongated part of the 
root. There is another explanation, namely: that the source of pyridoxine 
from endosperm varies in different strains of wheat, thus there is very little 
in Eroica roots but an abundance in Virtus. If this is true, inocula of dif- 
ferent length also will develop to roots of varying length, as already men- 
tioned. 

The results of the cultivation experiments indicate also that pyridoxine is 
not the only essential growth factor, but that there is some other substance 
formed in the intact plant which limits the growth of the roots, even if 
pyridoxine in some cases may have a certain modifying effect. 

In endosperm the proteins are decomposed in the germination process into 
amino acids and amides, which are transported to the growing points where 
they are linked together again by the aid of transaminases. These substances 
occur especially in leaves and they seem to be of different types very specific 
for various amino acids. As earlier mentioned pyridoxine functions in the 
transamination. Aspartic acid, glutamic acid, asparagin and glutamin are the 
main products of the proteolysis in the endosperm. It could, therefore, be 
assumed that, if these products were supplemented together with pyridoxine, 
a protein synthesis would commence. Although this problem has hitherto 
not been investigated closely some results already published (2) have 
illustrated that no positive growth effects were obtained under such circum- 
stances. 

The roots of sterile intact plants of Eroica wheat cultivated in media with 
glucose but lacking vitamins have the same appearance as excised roots 
cultivated in media without pyridoxine, as briefly reported by Kylin (8). 
This would indicate that the bacteria in some manner produced pyridoxine 
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or some related substance, as normal cultures always are infected. In order 
to elucidate this fact intact wheat plants were placed in nutrient media 
without glucose and pyridoxine. The sugar was supplemented after one week 
and three days later a very turbid solution was formed. It was sterile-filtered 
and inoculated with Eroica wheat root tips. The only result, however, was 
a very strong inhibition of growth, apparently depending upon toxic sub- 
stances produced by the bacteria and a decrease in pH, similar to that which 
occurs when a normal root culture is infected by bacteria. 

The problem of the poor growth of isolated grass roots is thus still 
unsolved. Probably several growth factors must be combined to produce good 
growth. Whaley et al. (19) e.g., have established for tomato roots that the 
growth is very minute if the vitamins thiamin, pyridoxine and nicotinic acid 
are supplemented separately, but it is very much improved if they are given 
together. Thus they intervene together in the metabolism. The same condi- 
tions might be applicable to the grass roots, but here there are other factors 
which are still unknown. 


Summary 


The effects of pyridoxine and two related compounds on the growth of 
isolated roots of nine strains of wheat, six of barley, nine of oats and one of 
rye have been studied in sterile liquid media by employing the same culture 
methods as previously described. 

The investigations have included two problems, namely: 1. the growth and 
2. the metabolism. 

la. The growth of the nine wheat strains is generally accelerated by an 
addition of pyridoxine but in various degrees. Thus three strains, Ergo II, 
Virtus and Pondus are relatively inresponsive to the substance. 

2b. Pyridoxine has no growth-promoting effect on the strains of barley, 
oats and rye cultivated here. Thus their growth seems to be regulated, at 
least partly by other factors than the wheat roots. 

2. As regards the pyridoxine effects on metabolism two strains have been 
studied, namely: the pyridoxine-sensitive Eroica and the pyridoxine-insensi- 
tive Virtus. The latter showed very slight differences both in glucose absorp- 
tion and absorption of ions with different vitamin combinations as well as 
with varying pyridoxine concentrations. As regards Eroica wheat the devia- 
tions are more significant. This is in agreement with the growth results. 
The greater growth of Virtus in comparison to Eroica is reflected in the higher 
absorption of glucose among other findings. The increase in weight of wheat 
roots is mainly due to an accumulation of this sugar. Some comparative 
studies of barley and oats illustrate that these roots have a smaller glucose 
absorption than wheat roots. Furthermore, in the second week of the culture 
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period an exudation of nitrogen compounds and ions commences, probably 
due to an autolysis. 


The studies of the pyridoxine derivatives pyridoxal and pyridoxamin 


showed that these substances gave about the same growth-promoting effects 
as the mother substance, viz. positive effects on wheat and negative on barley 
and oats. 


19. 


20. 


Further studies are in progress. 
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Introduction 


Determinations of the ability of Scenedesmus quadricauda and Chlorella 
pyrenoidosa to use CO, and especially HCO;— as carbon sources in photo- 
synthesis have previously been made by measuring growth at various pH 
values in cultures, aerated with air of known CO, content (Osterlind 1949, 
1950). This method suffers from the disadvantage that a variation of the 
concentration of HCO;— is obtained by a displacement of the pH value. 
Although this displacement is rather small for a moderate variation of the 
bicarbonate concentration, it may give rise to objections (Steemann Nielsen & 
Kristiansen 1949). Also the rather high concentration of CO, is a disadvantage 
because it must be shown that this concentration has no or only a limited 
influence. Theoretically the CO, concentration may be lowered and the 
desired HCO;~ concentration is then reached only at rather high pH values. 
The conditions are then the same as in a measurement of photosynthesis at 
high pH values, i.e., at limiting concentrations of HCO,- and practically 
no CO,. But the growth experiment requires a rather long time and rapid 
growth, i.e., not too little inoculum, to make growth measurable. The bicar- 
bonate must therefore be renewed from the CO, in the gas phase. This change 
includes two slow reactions, namely, the absorption of CO, and the hydration 


of it. These reactions are so slow that growth is limited by them (Osterlind 
1950). 


[242] 
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Therefore, it has been desirable to perform measurements of photosyn- 
thesis at various concentrations of CO, and HCO,~ with these algae. Accord- 
ing to the growth experiments (Osterlind 1949), photosynthesis should be at 
a maximum already at 10 ymol HCO,~ per litre. The method used must 
therefore give a fairly good response to the production of 10 „mol O, per 
litre. Experiments were made according to the polarographic method, but 
‚the results were not satisfactory. An ordinary Warburg vessel, containing, 
e.g., 4 ml of solution, produces only 1 yl of oxygen if the initial concentration 
of HCO,~ is 10 amol/l and the photosynthetic quotient is 1. Assuming a flask 
constant of 1 (volume of gas about 10 ml) 1 ul of O, produces a pressure 
change of only 1 mm in the manometer. Therefore it was desirable to have 
vessels with a large volume of liquid phase and at the same time a small 
volume of gas phase. The diffusion from the liquid to the gas is rendered 
more difficult in this way, but as a useful compromise 80 ml of liquid and 
10 ml of gas have been used. 


Method 


Vessels and light source 


Five cylindrical vessels were made from perspex (lucite) according to 
Fig. 1, A. The top and the bottom consisted of 5 mm thick plates, the sides 
of a tube, having an outer diameter of 80 mm and a wall thickness of 4 mm. 
The top plate was slightly conical, so as to keep the gas bubble unbroken. 
It was shown that there was no detectable increase in the volume of the 
vessel when the pressure applied to its interior was increased with 200 mm 
of water. Due to the flexibility of perspex, rather thick plates were used to 
avoid this effect. The vessel is fastened to a shaking arrangement by means 
of the accessories, B, at the bottom. Through the holes a U-shaped bar is 
inserted, thus permitting light to enter freely through the bottom of the 
vessel. The neck of the vessel, C, was also made from perspex. To its upper 
part a small glass tube was joined and from this a fine pressure tubing 
formed the connection to the three-way stopcock of a Warburg manometer. 

In the usual Warburg vessel addition of substances are made from a side- 
arm. It is hardly possible to use such a sidearm in this sort of vessel, and 
therefore additions are made from a graded i ml] pipette, closed by a screw- 
clamp, D. The screw-clamp is soldered to a brass plate, E, to which are also 
fastened the glass tubes, F and G, above and below it. The graded pipette is 
closely connected to the upper glass tube, F, by means of thick rubber tubing. 
At first stopcocks were used instead of screw-clamps, but it was very hard 
to keep them sufficiently tight when alkaline fluids were used in the pipette. 
When additions are made from the pipette the manometer must be open. 
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| 


| 


Fig. 1. Vessel for measuring photosynthesis. Explanations in text. 


One of the vessels has no pipette but is used only as a thermobarometer. The 
brass plate with the screw-clamp is fastened to the shaking arrangement, H, 
by means of two screws and a brass plate to prevent breaking of the glass 
tube G at the neck of the vessel during shaking. 

The vessels are cleaned when necessary by shaking for a short time with 
acetone, followed by ethanol and distilled water. They are then dried by 
aeration over night. 

All the vessels are shaken at a rate of 120 complete oscillations per minute. 
The four experimental vessels are illuminated from below by means of a 45° 
mirror, Three tubular fluorescent lamps of 40 W, placed close to each other 
outside the water bath, illuminate the vessels. The lamps are of the type 
»Luma, Sol». Their spectral light distribution is shown in Fig. 2, which 
curve has been kindly placed at my disposal by Lumalampan A.B., Stock- 
holm. It is seen that the light emission curve covers rather well the wave 
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Fig. 2. Spectrum of fluorescent lamps »Luma, Sol» and active absorption of Chlorella 
Pyrenoidosa according to Emerson & Lewis (1943). 


lengths of high active absorption of a green alga according to the curve of 
Emerson and Lewis 1943. The intensity of light is about 6,000 lux. 

To get the same intensity of illumination in all the vessels metal plates 
were placed at right angles to the mirror. Thus each vessel was illuminated 
only from that part of the fluorescent tube just in front of it. 


The course of an experiment 


The experiments were performed in the following way. The four pipettes 
were filled with solutions of Na,CO, in such concentrations that the total 
concentration in the four vessels would be, respectively, 100, 50, 25, and 
10 umol/l. These concentrations were reached after an addition of 0.5 ml 
Na,CO;. Thus, the most concentrated solution in the pipettes contained 
170 mg Na,CO, per 100 ml. 

The algal culture had been grown for a certain number of days in nutrient 
solution C (carbonate buffered, without HCl) (Osterlind 1949, p. 41) aerated 
with 2 °/o of CO, in air, pH 8.3. It had been illuminated by a fluorescent 
lamp of the same sort as used in the experiment. When an experiment was 
to be started, the culture was centrifuged and the cells were washed twice 
with distilled water. The distilled water used was always ordinary distilled 
water that had been passed through the cation exchanger Amberlite [R — 
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100 H. After the cells had been added to a suitable amount of water, phos- 
phates were added as a buffer to 1/44 M. Equal molar parts of Na and K 
phosphates were used, In order to introduce as little bicarbonate as possible 
to the vessels, the phosphates were first dissolved in closed flasks under 
soda lime and then added to the inoculated solution by means of automatic 
burettes also under soda lime. 80 ml of the solution was then rapidly added 
to each vessel. The perspex stopper with the pipette was fixed in position. 
The four vessels were then placed in the shaking arrangement and the whole 
apparatus immersed in a water bath with a constant temperature of 25° Us 
Light was turned on immediately so that the cells would assimilate all the 
carbon in the solution. In spite of a rather short exposure to the air, the 
solution will contain considerable amounts of bicarbonate when the experi- 
ments are made at pH 8. The vessels reach the temperature of the water bath 
after about one hour (perspex ha a low thermal conductivity), but the cells 
usually require another few hours to empty the solution of carbon so that 
photosynthesis stops. At this point the light was turned off, the manometers 
were opened and 0.5 ml was run into the vessels from the pipettes. After 
some minutes the manometers were closed. Care must be taken that there is 
no reaction in the vessels. In case of a low pH value in the vessels, CO, is 
formed during some minutes. The respiration of the thin algal suspension 
used is generally too small to be observed over a brief interval. The light 
was then turned on again and the reading of the manometers began. All 
curves in the diagrams start at the moment when light was turned on. 


Corrections for the solubility of gases 


When the algae are producing oxygen the pressure in the vessels increases, 
the rate being measured at constant volume. Part of the gas in the gas phase 
is then taken up by the solution, the solubility of the gas being directly pro- 
portional to its pressure. In an ordinary Warburg vessel with its small volume 
of solution, this effect causes no error, but in this case a correction must be 
applied. If the pressure is increased with 10 mm of Brodie’s solution, 1.36 ul 
of air will be absorbed if the vessels are filled with 80 ml of solution. The 
volume of the vessels have been determined according to the method 
»Calibration with water», described by Umbreit, Burris & Stauffer (1947). 
Within a few tenths of one ml, all the four vessels have a volume of 90 ml. 
The flask constant for air at 25° C is then 1.05, and 1.36 ul of air will cause 
a deflection of 1.3 mm on the manometer. Therefore all manometer values 
have been increased by 1.3 mm for each 10 mm increase in pressure. 

When the sodium carbonate is added to the phosphate buffer it is trans- 
formed to bicarbonate and carbon dioxide in amounts depending on the pH 
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Fig. 3. Concentrations of CO2, HCO3— and CO3?— in the solution and of CO» in the gas 
phase in the experimental vessels at various pH values. 


of the buffer. If the solution is acid, much CO, is formed, part of which 
enters the gas phase. In Fig. 3, curves are drawn which show the amounts 
of the various carbon sources in the vessel. In an ordinary Warburg vessel 
with its great quotient between gas and liquid volumes, most of the CO, is 
located in the gas phase. To measure the oxygen production at low pH values 
it is then necessary, either to use two vessels with different volumes of 
solution, or to know the photosynthetic quotient exactly. In these new vessels 
with a small quotient between gas and liquid volumes, most of the CO, is 
located in the solution. The pressure change in the vessel during photo- 
synthesis then depends only to a very small degree (some 15 per cent at 
pH 4—5) on the absorption of CO, from the gas. Most of the CO, is taken 
from the solution and has no effect on the pressure. Therefore it may be 
assumed that the photosynthetic quotient is 1 and 15 °/o may be added to 
the manometer readings to get the oxygen production also at low pH values. 
A small deviation of the photosynthetic quotient from 1 does not produce 
a significant error. This correction has been made in the following dia- 


grams. 
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Fig. 4. Photosynthesis of Scenedesmus quadricauda in HCO3— with various densities of 
cell suspension. 


The rate of photosynthesis at various densities of cell suspensions 


Fig. 4 illustrates an experiment designed to determine whether the photo- 
synthesis is directly proportional to the density of cell suspension. All four 
vessels have been inoculated with cells from a 4 days culture of Scenedesmus 
quadricauda. The pH of the solution was 8.1 and the added Na,CO, cor- 
responded to 100 ymol/l total concentration of carbon sources. Thus the 
bicarbonate concentration in the solution was 97.5 umol/l. Due to the slow 
diffusion between gas and liquid, the curves rise rather gradually at first. 
The inclination of the curves above 8 minutes is not quite proportional to 
the density of the suspensions. This may be due partly to a smaller light 
intensity in the dense suspensions, partly to other factors. Suspensions, 
produeing oxygen at a greater rate than that of the 0.025 E suspension in 
this experiment, have never been used in the following experiments. Fhus 
a steady rate of diffusion is reached after 4—5 minutes at the most. Some- 
times, when low rates were expected, it was necessary to use rather dense 
suspensions, in one case up to 0.175 E. It is possible that this fact has caused 
some depression of the curves, which have always been recalculated to 0.1 E, 
but it does not influence the conclusions. 
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Results 
Scenedesmus quadricauda 


Fig. 5 shows the assimilation of a 5 days culture of Scenedesmus quadri- 
cauda at pH about 8. The density of the culture was 0.25 E. The density 
of the suspension, used in the experiment, was 0.024 E. The pH values were 
measured before and after the experiment. The values of the various vessels 
after the experiment varied between 8.1 (lowest concentration) and 8.2 
(highest concentration). In the diagram are also given the concentrations of 
CO, and HCO,- in the solution, read from Fig. 3, at the start of illumina- 
tion. It is seen that all four curves start at the same rate. After some minutes 
the rate decreases for the two lowest concentrations and after 70 minutes the 
photosynthesis in these two vessels stops completely, due to the fact that 
all carbon sources have been consumed. 

After 20 minutes there should be about 10 „mol HCO,-/l left in the vessel 
originally containing 24.4 umol/l. The rate of photosynthesis at this time 
should theoretically be the same as in the 9.8 „mol curve at the start. It 
seems to.be slower, but the curves are not sufficiently exact to give a definite 
answer. It it really is slower, this could be explained as an effect of absorp- 
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Fig. 7. Photosynthesis of a 4 days culture of Scenedesmus quadricauda at various CO» 
concentrations. 
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Fig. 8. Photosynthesis of a 10 days culture of Scenedesmus quadricauda at various CO» 
concentrations. 


tion of HCO,~ from the solution during the dark period preceding illumina- 
tion. This dark period was about 4 minutes. 

This experiment: shows that photosynthesis of Scenedesmus quadricauda 
occurs at maximum rate even at very low bicarbonate concentrations, most 
likely as low as 10 y.molll, if the culture is a rather young one. 

The same experiment was repeated with centrifuged and washed cells 
from a 10 days culture. The result may be seen in Fig. 6. The ability to use 
bicarbonate is quite lost in a 10 days culture. The same result has been 
obtained in several control experiments. 

The ability to assimilate CO, has been examined at low pH values with 
a 4 days culture (Fig. 7). These curves have quite another appearance. The 
rate of photosynthesis is almost directly proportional to the concentration of 
CO, at concentrations lower than 85 mol/l. The HCO,~ concentration is too 
low to influence the rates. At the highest concentration the bicarbonate may 
possibly be the cause of part of the photosynthesis. But according to pre- 
viously published curves (Österlind 1949, Fig. 37) the effect of 2 umol 
HCO, —/l is very small. 

Photosynthesis at various CO, concentrations in a 10 days culture is shown 
in Fig. 8. The ability to use CO, has decreased to about 1/3 of the values for 
the 4 days culture, but the proportionality has not been lost, and there is no 
correspondence to the total disappearance of assimilation of HCO,7 in an 
old culture. 


Chlorella pyrenoidosa 


Similar experiments have been made with Chlorella pyrenoidosa. Fig. 9 
shows its ability to use bicarbonate. There is certainly a very small reaction, 
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Fig. 9. Photosynthesis of a 4 days culture of Chlorella pyrenoidosa at various HCO3— 
concentrations. 


the distance between curves with 9.8 and 97.5 umol HCO,-/l after 50 min 
being 7 mm, but it is almost negligible. The curve with 9.8 ymol/l shows a 
slow reaction, but this reaction is most likely to be explained as the assimila- 
tion of the bicarbonate, introduced unintentionally during the preparation 
of the solutions. Due to the slow photosynthesis, this amount has not been 
consumed during the period of pre-illumination. This amount has never been 
determined, but it may be estimated to be of the order of magnitude of 100— 
200 umol/. Thus, Chlorella pyrenoidosa has hardly any ability to use 
bicarbonate. 

The assimilation of CO, by a 5 days culture is shown in Fig. 10. The rate 
is less than in the 4 days culture of Scenedesmus quadricauda, but the curves 
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are of the same type, i.e., photosynthesis is directly proportional to the con- 
centration of CO, below 82 ymol/l. In an 8 days culture the CO, assimilation 
reached 2/3 of the values obtained with the 4 days culture. 


Discussion 


The rapid photosynthesis of a young Scenedesmus quadricauda culture in 
HCO;~ also at low concentrations (down to 10 umol/l) agrees very well with 
the explanation of the growth curves published previously (Osterlind 1949, 
1950). It was assumed then that 10 or 20 umol/l was the lowest concentra- 
tion giving maximum growth. The method used in the experiments published 
now is not sufficiently exact to show a difference between these two values, 
but it is shown with certainty that the order of magnitude is correct. 

It seems to be established with certainty that the assimilation of HCO,— by 
a young culture of Scenedesmus quadricauda is much more rapid than that 
of CO,, i.e., at least 10 times greater concentrations of CO, than of HCO,— 
are needed to reach maximum photosynthesis. Experiments have not been 
made to determine the optimum concentration of CO,. From previously 
published growth curves (Osterlind 1949) it was concluded that the optimum 
concentration of CO, was about 100 pmol/l. These new experiments indicate 
a slightly higher value. 

The conditions are quite reversed in a 10 days culture in which case the 
CO, assimilation has decreased somewhat, but the ability to use HCO;— has 
been quite lost. Thus the bicarbonate assimilation is much more sensitive to 
the aging of the culture than is the CO, assimilation. As a hypothesis it may 
be assumed that if a cell is able to use HCO, there must be present a certain 
enzyme system, which in this case is very sensitive to aging effects. This 
system is used to transport the bicarbonate ions through the cell membrane. 
If the system is not present, only uncharged CO, molecules can pass, but 
not the charged HCO,- ions. 

Chlorella pyrenoidosa has only a very low ability to use HCO,~. In the 
growth experiments published previously (Osterlind 1950), no increase in 
the growth of Chlorella was found at high pH values in 0.03 9/0 CO,. In some 
new experiments with the same alga, slightly better growth at high than at 
low pH values was actually found. Thus also in this case the results from 
growth experiments and from photosynthesis experiments agree. 


Summary 


Conclusions, drawn from previously published growth experiments, have 
been controlled by means of manometric measurements of photosynthesis at 
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CO, and HCO,;~ concentrations in the interval 10—-100 umol/l with the two 
green algae Scenedesmus quadricauda and Chlorella pyrenoidosa. 

The construction and use of manometric vessels, containing 80 ml of solu- 
tion and 10 ml of gas, are described. 

A 5 days culture of Scenedesmus quadricauda assimilates HCO; with the 
same rate at all concentrations between 10 and 100 umol/l, while a 10 days 
culture has quite lost the ability to use HCO;—. 

Chlorella pyrenoidosa has hardly any ability to use HCO,~. 

Both algae use CO,, but the rate is directly proportional to the concentra- 
tion between 10 and 100 pmol/l. 


This work was aided by a grant from the Swedish Natural Science Research Council. 
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Introduction 


The strong response of living protoplasm to interventions of various kinds 
is particularly marked in the case of stimulation by light. Earlier investiga- 
tions have shown that the protoplasm of Helodea densa shows an especially 
strong response to illumination. Various changes then take place in its visco- 
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sity (145, 146, 157, 160). The present investigation comprises a closer analysis 
of the course of these changes in the protoplasm. 

The main part of the investigation deals with the response of the proto- 
plasm to illumination with white light, but a determination of the spectral 
response has also been made. 

A special technique has made it possible to investigate the effect of light 
on the individual cell and the changes that accompany it. 

The light-induced changes in viscosity have been measured with the centri- 
fuge method. Because the term viscosity is usually applied to a number of 
properties of the protoplasm, the conception of this term is discussed. 

The investigation was started in the autumn of 1944 and has been earried 
out at the Institute of Plant Physiology of the University of Stockholm. 

The Roman numerals refer to the sections (see Contents). 


I. The Conception of Protoplasmic Viscosity 


Protoplasmic viscosity is a term used to denote a number of properties 
of the protoplasm which contribute to giving it a certain consistency. Because 
the protoplasm has a structure (49, 63, 132), is elastic (104, 105, 106, 107, 
109, 137, 172) as well as plastic (49) and shows gel-sol transitions (49, 69) 
it differs in many respects from the ideal Newtonian fluids. Its viscosity 
cannot, therefore, be determined in the physical sense of the term. In order 
to stress this anomaly in the behaviour of the protoplasm as compared to 
that of ordinary fluids, the term structural viscosity has also been used to 
describe its consistency (111, 113, 114). 

Many techniques have been used to determine the protoplasmic viscosity 
of the living cell. Foremost amongst them are the centrifuge method and the 
plasmolytic method (9, 68, 69, 165). These are the two methods that have 
mainly been used in earlier studies of the effect of light on the protoplasm. 
Special modifications of the centrifuge method are the gravity method, used 
when gravity itself is sufficient to displace the cell contents (64, 65), and 
Heilbronn’s (66) method, in which small iron rods are introduced into the 
protoplasm and then moved by means of an electromagnet. 

The principle of the centrifuge method is based on the fact that, under 
the influence of a centrifugal force, the cell contents are displaced more or 
less rapidly, depending on their consistency. The cell may be exposed to 
varying centrifugal forces and the magnitude of the force necessary to dis- 
place the cell contents during a fixed time determined. Or, a determination 
may be made of the time required to affect the cell contents with a constant 
centrifugal force. In both cases, the values obtained will be a relative measure 
of the firmness of the protoplasmic structure. 
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In the mature plant cell, in which the most viscous part of the protoplasm 
— the cytoplasm — only lies in thin layers along the walls, it will also move 
towards the centrifugal end of the cell during centrifugation (8, 86). Because 
plasmolysis can take place even in cells that are very hard to centrifuge. all 
the cytoplasm does not move. Thus, a thin layer always remains along the 
cell walls. 

The most important factors determining the rate of displacement of the 
cell contents are therefore the weight of the particles and the structural 
firmness of the protoplasm as a whole. 

Thus, when a study is to be made of the effect of centrifugal force on 
cells treated with-various agents, two factors must be taken into consideration. 
One is the movement of the chloroplasts through a more or less stationary 
medium — the cytoplasm and the other the movement of the entire cyto- 
plasm with the chloroplasts contained in it. A sudden movement of the cell 
contents has been observed by several workers (105, 161). It is particularly 
marked when only a relatively short centrifugation time is required to dis- 
place the cell contents. This phenomenon is presumably due to a simultaneous 
displacement both of the cytoplasm and of the plastids. The longer the centri- 
fugation time required, the more continuous is the movement. Therefore, 
even in cells that are not easily affected, some of the chloroplasts. will always 
‘fall fairly rapidly. They are those present in the looser layers of the cyto- 
plasm and they have then either migrated through it or have accompanied 
it on displacement. When centrifugation is prolonged, the chloroplasts in 
the more viscous layers of the cytoplasm will be affected. Finally, displace- 
ment of the main mass occurs suddenly. Its remaining, greater portion has 
then become extended, it ceases to adhere to the laver of the wall and moves 
to the centrifugal end of the cell. 

When the centrifuge method is to be used to determine changes in the 
protoplasmic viscosity — i.e., the firmness of the plasmatic structure — it 
is essential for no change to take place in the specific gravity of the chloro- 
plasts. Especially when the protoplasm with its content of chloroplasts is 
illuminated, a change in the specific gravity of the latter and thereby of 
their speed of displacement must be envisaged as an effect of the starch 
formed by photosynthesis (40, 78, 170). Weber (170), in particular, has 
stressed that the variations in the speed of displacement of the chloroplasts 
found by him on centrifugation of leaves of Helodea at different times of 
the day may be attributed not only to the change in the state of the proto- 
plasm, but also to variations in the starch content of the chloroplasts. It 
would therefore be associated with variations in the intensity of photo- 
synthesis. 


It has not, however, been possible to demonstrate any correlation between 
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the course of photosynthesis and the changes in the protoplasm caused by 
light, as measured with the centrifuge method (123, 145). Moreover, because 
the plasmatic changes in question are mainly induced by short-wave irradia- 
tion (see XIV) a direct effect is most probable, photosynthesis being greatest 
in orange-red light and smallest in blue (52). 

In the present study, the protoplasmic viscosity has been determined with 
the centrifuge method. The changes in the viscosity then denote all those 
changes in the cell that are manifested as an increase or decrease in the speed 
of displacement of the cell contents with the use of « constant centrifugal 
force. 

The other main method for determination of the protoplasmic viscosity 
— t.e., plasmolysis — is based on the fact that the protoplast when immersed 
in a plasmolytic agent will assume different configurations depending on its 
consistency (171, 174). Because it is chiefly the state of the outer layers of 
the protoplasm that is studied — cf. Ruge (129) — the configuration obtained 
is very dependent on the concentration of the solution (18, 39, 127, 128) 
owing to the osmotic effect of the last-mentioned. This effect may alter the 
original consistency of the protoplasm — in particular that of the outer 
layers — and is also associated with the permeability of the plasmatic mem- 
branes (73). The extent to which the outer layers of protoplasm are bound 
to the cell wall by the plasmodesma — the strands of Hecht — will also 
influence the course of plasmolysis — cf. Strugger (144). 

As a result of Weber’s fundamental work on the measurement of the 
protoplasmic viscosity (169, 171, 174), use has often been made of the plasmo- 

‘lytic method. However, it is necessary — owing to the facts mentioned in 
the foregoing — to judge each case individually, if any conclusions regarding 
the state of the protoplasm are to be drawn from the shape of the proto- 
plast. It is namely inadvisable to interpret conditions found in one experi- 
mental object as applicabie to another. 

Results obtained with different methods for the determination of proto- 
plasmic viscosity are sometimes conflicting. This is because as pointed 
out earlier — different properties of the protoplasm have been studied — 
cf. Heilbrunn (68). Uniform results.can only be obtained if a change in the 
protoplasm affects the entire mass. This may be illustrated by the following 
example. With the plasmolytic method, cells immersed in plasmolytics con- 
taining calcium or that have been treated, prior to plasmolysis, with solutions 
containing calcium will always show higher viscosity than with other plasmo- 
lytic agents Strugger (144). This is considered to depend on a densifying 
effect of the calcium on the protoplasm. If, however, protoplasm treated with 
calcium is studied with the centrifuge method, its inner layers are found to 
be even less viscous than they were originally — Heilbrunn (69) p. 80. 
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It is evident from the foregoing that the use of the term protoplasmic 
viscosity, without a statement of the method with which is was determined, 
may result in erroneous information regarding the state of the cell. Presum- 
ably, an explanation of many contradictory statements regarding changes in 
the viscosity brought about by various agents may be sought in the variety 
of techniques used. 


II. The Effect of Various Factors on the Protoplasmic Viscosity 


1. Introduction 


Centrifugal force has long been used in the study of geotropism and growth. 
Mottier (102) was the first to study the effect of strong centrifugal force on 
the actual cell. He showed that the cell contents became displaced under its 
influence but that the injury was only of a transient nature. After centri- 
fugation, the displaced particles gradually returned to their original site and 
the cell regained its normal appearance. The investigations of Andrews 
(1, 2), Miehe (99), Schmidt (133) and van Wisselingh (187), amongst others, 
have shown that centrifugation also permits separation of the various com- 
ponents. They found that, in the majority of cases, the chloroplasts and the 
starch moved to the centrifugal end of the cell — see also Beams and King (9). 

The forementioned workers did not make any direct determination of the 
protoplasmic viscosity based on a study of the speed of movement of the 
particles. Andrews (1) nevertheless pointed out that the displacement of 
the cell contents is accelerated by injury to the tissues. He also noted that 
the speed of displacement was affected by changes in temperature. 

Szücs (151) used the centrifuge method to demonstrate the effect of the 
alluminium ion on the protoplasm. He was thus the first to make direct use 
of the method to show changes in the consistency of the cell contents. Heil- 
bronn (65) determined the relative viscosity of roots of Vicia Faba by measur- 
ing the speed of fall of starch grains — i.e., of the statoliths. 

As a result of these fundamental investigations, centrifugation has become 
one of the most widely used methods for determination of the protoplasmic 
viscosity (cf. 68, 69, 89, 153, 163, 165, 167). 

In the following brief survey of the literature on the effect of various 
factors on the protoplasmic viscosity of plant cells, only those investigations 
in which the centrifuge method or its modifications is used will be reported. 
In the last section, which deals with the effect of light on the protoplasm, 
results obtained with other metheds are, however, included. As stressed 
earlier, it is nevertheless inadvisable to make comparisons regarding the 
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viscosity measured by means of different techniques. Obviously, many 
methods can provide information on changes in the state of protoplasm under 
the influence of, for example, light. 


2. Changes attributable to vital processes in the plasmatic system 


The age of the cell affects the state of the protoplasm, that in old cells being 
more viscous than in young ones (96, 97, 153 — see also III). 

The protoplasmic viscosity also varies considerably in connexion with different 
physiological processes in the cell. The fluctuations are particularly great during 
mitosis (81, 168, 190). 

Changes in the genetic factors in a particular species also affect protoplasmic 
viscosity (40). 

An increase in the resistance to cold is associated with an increase in viscosity (78). 


3. Changes attributable to external factors 


Anaesthetics and narcotics in low concentrations decrease the protoplasmic 
viscosity of plant cells. In some cases, high concentrations of such substances cause 
a reversible increase (66, 106, 108, 110, 113, 164, 166). 

Inorganic salt solutions of various kinds have a strong influence on protoplasmic 
viscosity. The increase caused by heavy metal ions is particularly striking (110, 
113, 115, 151, 153).. 

Certain physiologically active substances, even in very dilute solutions, have a 
marked effect on protoplasmic viscosity. The action of heteroauxin can be noted 
even in as weak a dilution as 10-7 mg./liter (148). Colchicine has an effect in a 
dilution of 10—? mg./liter. Other substances — e.g., oxyquinoline (150, 154) — that 
have a strongly disturbing effect on mitosis also affect the protoplasmic viscosity, 
even in very weak concentrations. The general effect of these substances is in the 
form of an increased viscosity, although the curve is often of the optimal type. 
Thus, a long-lasting effect gradually results in a new decrease, but without causing 
death of the cell. 

Substances occurring. in litter, that have not yet been defined chemically, have 
a considerable effect on protoplasmic viscosity (147). They appear to be present 
periodically and thus give rise to seasonal changes, at any rate in aquatic plants 
(Helodea densa). These substances seem to be of two kinds, one which increases 
and one which decreases the viscosity. As a rule, they occur in such concentrations 
that the viscosity fluctuates about a ;fairly stable basic value (149). 

The water content of the cells affects ‘the viscosity. Thus, dehydration may cause 
either a decrease, depending on dissociation of cellular proteins by incipient drought 
(112) or an increase (107, 134), probably depending on dehydration of the colloid 
particles of the protoplasm —— cf. Kessler and Ruhland (78). 

The main effect of an increase in temperature is a decrease in the viscosity until 
the coagulation point of the protoplasm is suddenly reached. However, the asso- 
ciation between temperature and viscosity is presumably more complicated than 
experiments made hitherto have shown. In many cases the results have been contra- 
dictory. It is probable that the time factor plays a considerably greater röle than 
has been assumed (1, 11, 67, 108, 109, 110, 116, 178, 179). 
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The protoplasm is very sensitive to mechanical stimulation and injury. Even 
relatively slight pressure on the cell or shaking may give rise to altered viscosity 
(32, 76, 83, 89, 110). The same is found on experiments with animals — e.g., 
Angerer (3). The rate of the plasma flow may also be changed (91). In these 
protoplasmic reactions, it is mainly a question of physiological stimulation, but 
physical changes due to the thixotropic nature of the protoplasm may be partly 
responsible (49). Mention may also be made of the decrease in viscosity caused 
by sound vibrations noted by Northen and MeVicar (117). 

Statements regarding the effect of electric current are conflicting. According to 
Bersa and Weber (14) there is a reversible increase in viscosity under the effect of 
direct current of varying strengths. Their experiments were made on roots of Pha- 
seolus. Northen (108, 110) and Northen and MeVicar (117), on the contrary, found 
a decrease in every case. It is. however, difficult to compare experiments on the 
effect of electricity, since they have been made with such varying techniques. 

Seasonal variations are reflected in the protoplasmic viscosity. On centrifuging 
leaves of Helodea densa, Weber (170) found that the cell contents were much 
more easily displaced during the winter months than during May and June. In 
Sempervivum, he also noted variations according to the time of day. The leaves 
were easily centrifuged in the afternoon and evening but not in the morning. 

Pieces of the stem of Caltha palustris were found to be very easily affected by 
centrifugation at the beginning of May, the reverse applying at the end of Sep- 
tember (153). It is not, however, possible to determine from the forementioned 
experiments whether the differences are due to aging of the cell or whether a 
seasonal variation in the viscosity actually exists. 


4. Effect of light, with particular reference to the 400—700 muy. region of the 
spectrum 


The literature on the effect on living protoplasm of x-rays. ultraviolet light 
and irradiation of the corpuscles is abundant. (For summaries see: 43. 69. 
87, 89; for the earlier literature see: 13.) On the other hand, reports of stu- 
dies of the effect only of visible light are relatively few. Moreover. in the 
sarlier investigations, the technique was often defective. particularly with 
regard to filtering off the heat. It is therefore difficult from these experiments 
to establish whether the effects of illumination are to be attributed to visible 
light or to ultraviolet or ultrared light, respectively. 


According to Heilbronn (66) the viscosity of Reticularia plasmodium in the open 
air is lowest in the morning and rises in the course of the day. In only one case, 
however, did he find a difference in the viscosity of protoplasm treated in the light 
and in the dark, respectively. Direct sunlight, on the contrary, had a very strong 
effect on the protoplasm, Illumination for 1—1'/2 minutes resulted in a transient 
increase in viscosity, followed by a decrease. Ilumination of shorter duration (30 
seconds) caused a decrease only. The effect was considerably less when the sun- 
light was filtered through a sheet of glass. This indicates that the effect was mainly 
bound to the ultraviolet region of the spectrum, or to the radiation of heat. the 
latter being partly inhibited by ordinary glass. 

As mentioned earlier Weber (170) was able to show variations in the speed 
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of fall of the chloroplasts in cells of Helodea densa centrifuged at different times 
of the day. He also observed a seasonal difference in the speed of displacement. 
Weber did not, however, stress in this paper that the variations would be due 
to light-induced changes in the protoplasm. With the use of the plasmolytic method, 
he later (173), demonstrated definite changes in the protoplasm attributable to 
light. Without exception, the stomata of leaves standing in the light were open: 
they showed distinctly concave plasmolysis. The stomata of leaves placed in the 
dark for some days — and which were closed — showed, on the contrary, convex 
plasmolysis. These observations indicate changes in the protoplasm induced by 
light, consisting of variations in the viscosity or at any rate — of changes in 
the outer layer of the protoplasm. Both the protoplasmic streaming and the move- 
ment of the microsomes were more intense in the leaves in the light than in those 
in darkness. This is a further indication of changes in the viscosity. 

The course of plasmolysis in the leaf.cells of Ranunculus ficaria varies according 
to whether the leaves have earlier stood in the dark or in the light (175). The 
protoplasts in cells of leaves that have been in darkness immediately assume a 
convex shape and the time of plasmolysis is short (174). Conversely, the leaf cells 
pre-treated in the dark assume a concave form, the time of plasmolysis being longer. 
Occasionally, no convex plasmolysis occurs. The conditions are similar in the leaf 
cells of Hedera exposed to shade and light, respectively (72). 

Voerkel (161) studied the viscosity of the protoplasm of Funaria with the centri- 
fuge methed. He found a direct correlation between the effect of various kinds of 
light and the resistance of the protoplasm to displacement. In the majority of cases, 
strong doses of ultraviolet light increased the viscosity. Weak doses, on the contrary, 
resulted at times in a decrease. Ultrared light also caused an increase in the viscosity, 
but in these experiments the temperature was not constant, at times rising to such 
high values that the results cannot be considered as unambiguous. In the visible 
region of light, Voerkel (161) observed a correlation between the viscosity and the 
position of the chloroplasts. Cells with chloroplasts in an epistrophic position showed 
higher viscosity than those with an apostrophic position. 


Light has been shown to cause variations in the protoplasmic viscosity 
of Helodea densa (145). The viscosity was determined according to Voerkel 
(161). Plants that had been in the dark showed relatively high values. Illu- 
mination of such plants caused an initial, rapid decrease in the viscosity. 
followed by periodic fluctuations. Following constant illumination (10,000 
M.C.) they became less marked and after approximately six hours stabiliza- 
tion occurred. When this state of equilibrium had been reached. the viscosity 
value was lower than the initial one. Thus, light caused the viscosity to 
decrease. These variations in the state of the protoplasm. started by illu- 
mination do not appear to be associated with the light-induced inhibition of 
photosynthesis demonstrated in the same investigation. 

Under natural conditions, the protoplasmic viscosity of Helodea densa is 
not constant, but undergoes periodical variations (146). If the cells are placed 
in the dark. the fluctuations continue for a further 3 days ! before a constant 


1 Here, and throughout this paper — unless otherwise stated — 1 day denotes 24 hours. 
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value is reached. If the plant is then exposed to light, either a decrease or 
an increase may occur. In this investigation, no correlation was found be- 
tween the intensity or quantity of light and the changes in viscosity. 

Similar variations in the viscosity conditioned by light have been found 
in the protoplasm of Spirogyra. Illumination of short duration caused im- 
mediate, characteristic changes if the cells were pre-treated in the dark (159). 
Northen (111) studied the effect of some protein-dissociating substances on 
the structural viscosity of the protoplasm and assembled his results in some 
curves. His experiments were made in daylight and the possible effect of 
light on the viscosity does not appear to have been taken into account. 
Northen’s curves showed periodic fluctuations. He considered them to be a 
result of dissociation of the proteins in the protoplasm due to the chemical 
effect of the respective substances. If, however, these curves are compared 
with those showing the effect of light on the viscosity (146, 159), some agree- 
ment may be noted. Thus, it is difficult, on the basis of the very great 
sensitivity of the protoplasm to light demonstrated by Stalfelt (146) and 
Virgin (159), to draw definite conclusions from the different values for the 
viscosity given in the literature. The last-mentioned values have been based 
on material that was not treated under uniform conditions and are conse- 
quently extremely variable. 


III. The Method 
1. Centrifuge 


Centrifuges of the angle type, trade-mark WIFUG (model B.M., A.B. Winkel- 
centrifug, Stockholm) were used for determinations of the viscosity. The centrifuge 
rotor consists of a smooth, conical head of aluminium with holders for four tubes. 
These rotate at an angle of 45 degrees to the horizontal. The distance from the 
centre of the centrifuge to the specimen was 8 cm. The speed of the centrifuge 
was 3200 r.p.m. This speed corresponds to a centrifugal force of 920 times gravity, 
giving a centrifugation time (see p. 271) of 6—10 minutes for protoplasm of Helodea 
densa treated under constant conditions (see V). For determinations of the viscosity, 
it is necessary to keep the time of acceleration constant. The speed of centrifugation 
was therefore uniform in all the illumination experiments. 

Before each experiment, the speed was measured with a tachometer and corrected 
with a resistance in series. During the experiments, the speed was checked at regular 
intervals. A constant speed was reached after two minutes (Fig. 1) but as soon 
as after 30 seconds it had attained approximately 70 per cent of the final value. 

The rotor was braked manually. It could be brought to a standstill within two 
to three seconds. 

In experimental series in which it was necessary to alternate between very short 
and very long centrifugation times, respectively, two centrifuges were used simul; 
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taneously in order to save time. They were calibrated against each other to check 
the speed. | 

Both centrifuges were provided with easily removable, light-proof protective covers 
of masonite. 


2. Light for illumination 
a. Source of light 


The present investigation deals with the effect of visible light (wave-lengths 
approximately 400—700 my) on the protoplasmic viscosity. 

Incandescent tungsten filament lamps were used as the source of light. With a 
constant voltage, their intensity is practically constant (84). An incandescent lamp 
gives a'continuous spectrum. 

Kino lamps (Philips, type 297 G, 220 volts, 1000 watts) were used for the strongest 
intensities and low-voltage lamps (Osram, 10 volts, 5 watts) with the same colour 
temperature as the larger lamps for weaker intensities. 

When only visible light is desired, incandescent lamps have one great disadvantage. 
In the visible region of the spectrum, their energy distribution curve rises con- 
tinuously with an increase in the wave-length and reaches its maximum in the 
short-wave ultrared region. The maximal energy radiation is localized to about 
1000 my. for a tungsten filament with a temperature between 2650 and 2860° K, 
which is the usual temperature of the filament in an incandescent lamp (6). Approxi- 
mately nine-tenths of the radiation energy emitted by the filament is lost in the 
form of invisible ultrared radiation. Therefore, if an incandescent lamp is to be 
used to obtain visible light only, all this radiation must be filtered off. 

The intensity of the light could be varied within wide limits, since the lamp 
and the object wére movable along an optical bench. 

In order to obtain the lowest intensities, a diaphragm. was inserted between the 
‘source of light and the object. In a few cases, the intensity was increased by coupling 
a resistance in series to the lamp. However, a decrease in the voltage brought about 
in the latter way results in a change in the colour temperature of the light. due to 
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Vig. 2. Transmission curves for the filters used for white light. — 


6 per cent CuSO, 
solution — Nuernbergk (118). ------ heat-absorbing glass ON 19 (Chance Brothers Ltd.). 


a shifting of the maximal radiation to the red region of the spectrum. Control 
experiments nevertheless showed this change in the quality of the light to be of no 
importance. In any event, all ultrared radiation is effectively filtered off by means 
of the filters. 


b. Filters 


1) For white light. — The same filter combination to exclude the radiation of 
heat was used in all experiments.' It consisted of: 1) a laver of water 10 cm. thick 
with a continuous change of water; 2) a3 mm. thick glass (ON 19, Chance Brothers 
Ltd., Birmingham, England) immersed in the water and 3) a 5 cm. thick laver 
of CuSO, in 6 per cent solution. 

The transmission curve for the CuSO, solution (Fig. 2) shows that it absorbs 
the greater part of the radiation outside the 700 mu limit. The remaining radiation 


between 900 and 1500 my. — which need scarcely be anticipated to play any röle 
from a physielogical point of view — nevertheless hampers the thermoelectric 


measurements of the radiation energy. It is effectively filtered off with the ON 19 
glass (Fig. 2). No radiation below the 400 my. limit need be anticipated. This is be- 
cause the incandescent lamp gives out very little such radiation and it is, in any 
event, filtered off effectively by means of the many layers of glass through which 
the light passes before reaching the object. 

The somewhat bluish colour of the light obtained with the forementioned filter 
arrangement is due to the simultaneous filtering off of a small area within the long- 
wave region. 

2) For coloured light, — Glass filters were used as monochromators in the experi- 
ments with the coloured light (XIV). In order to minimize the loss of light caused 


' No special filter arrangement was used during pre-illuminalion. 
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by the reflection from the glass surfaces, they were placed in the water cuvette 
together with the heat-absorbing filter ON 19. The filter glasses were supplied by 
Chance Brothers Ltd., Birmingham. Their transmission is shown in Fig. 3. 

The purest monochromatic light, containing wave-length areas distinetly isolated 
from each other, is given by the OR (red), OGr (green), and OB (blue) glasses. The 
light transmitted by the green and blue glasses cerlainly contains a common wave- 
length area, but the percentage transmission within it is very small in proportion 
to that of the others. If the glasses are placed one in front of the other, no light 
is transmitted. 

The yellow filter (OY 8) transmits all the red and green light as well as part of 
the blue light. 


c. Measurement of the intensity of light 


1) White light. — The intensity of illumination is stated in meter-candle units 
(M.C.) — (188). In the present study, it was measured with a selenium photocell 
coupled to a galvanometer (see the following). The photocell was calibrated in 
meter candles against a lamp standard of known intensity. (These lamp standards 
were supplied with a certificate of calibration by A.B. Luma, Stockholm.) It may 
be assumed that the colour temperature of the lamps used (ordinary incandescent 
lamps without excess voltage) is uniform (6) and that the quality of light is, in all 
essentials, the same for all lamp standards. 

In order to make use of the same galvanometer for determination of all light 
intensities, the photocell was provided with a diaphragm for determination of the 
highest intensities, so that only a part of the light-sensitive area was illuminated. 
It was possible in this way to keep the electromotive force generated by the photo- 
cell within the measurement area of the galvanometer. At the highest intensities it 
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was necessary, for the same reason, to have the galvanometer shunted with a 
resistance of 50 ohms. 

The forementioned procedures permitted. measurements of intensities from 
0.001—30,000 meter candles. 

2) Coloured light. — In experiments with coloured light, the intensities are 
stated in absolute units (erg/cm.? - sec.). The measurements were made with a Normal 
thermopile according to Moll and Burger (from Kipp & Zonen, Delft) coupled to 
an Original Moll galvanometer from the same firm. 

Because the filter arrangement described in the foregoing absorbed all radiation 
below 400 mp, it was unnecessary to make any special correction for radiation 
of heat. 

According to the certificate from the manufacturers, a radiation of 1 erg/cm.? - sec. 
corresponds to an electromotive force of 1.37 X 10—® volts for the thermopile used. 
Control measurements made with lamp standards of known radiation as the source 
of light showed good agreement. 

The internal resistance of the thermopile was 51 ohms. A deflection of 1 centi- 
meter on a scale at a distance of 3 meters from the galvanometer mirror corresponded 
in this case to 103 erg/cm.?- sec, 

As a comparison, it may be noted that a deflection of 1 centimeter for the »white 
light» free from heat rays corresponded to an intensity of 27.5 meter candles. 

The intensity of light measured in the position occupied by the cuvette with the 
object is given for each experimental series. The actual intensity with which the 
object was illuminated was, however, somewhat smaller. This was due to the absorp- 
tion by the water and the glass and the reflection from the surfaces glass-air and 
glass-water. The glass in the cuvette was commercial glass with quite plane sur- 
faces. Within the 360—2000 my wave-length region, its absorption is practically 
constant and very small. In the case of visible light, this can be calculated to be 
up to approximately 7 per cent of the incident light (84). This absorption will not, 
however, change the ratio between the different intensities of the light used. It 


may therefore be neglected in comparison with the variability of the experimental 
material. 


3. The experimental object 


a. Cultivation and growth 


The experimental objects consisted of leaves of Helodea densa. Shoots of 
this plant were taken from Hortus Bergianus, Stockholm and reproduced 
vegetatively. It was thus possible to obtain homogeneous material. 


The plants were grown in the greenhouse of the Institute in cement ponds, each 
with a volume of approximately 400 liters, the bottom of the pond being covered 
with a layer of soil about one decimeter thick. About 150 grams of fertilizer of 
commercial type, containing potassium, nitrogen and phosphorus, were mixed with 
the water (ordinary tap water). The vegetation was renewed each spring by planting 
apical shoots, about 20 centimeters long, in the soil. The plants can live for some 
time without taking root, but the shoots gradually become etiolated and if their 
roots are unable to penetrate into some nutrient medium, they soon die. 

If the shoots were planted in the middle of April, the material could be used 
after approximately one month. There was then a period of rapid growth lasting 
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throughout the summer and the first part of the autumn. In the later part of the 
autumn the leaves became etiolated, part of the apices of the shoots became detached 
and sank to the bottom of the pond as hibernacles. These winter changes made it 
practically impossible to carry out any experiments between the middle of Novem- 
ber and the end of March. The seasonal variations were also manifested in changes 
in the viscosity cf. Weber (170) and VIII. 


When assessing the results of the seasonal changes in viscosity, the de- 
crease in the rate of growth during the winter months must be taken into 
consideration. A shoot of Helodea of a certain length — measured from the 
apex — taken during the winter will therefore consist of older leaves than 
one of corresponding length during the spring or summer. 

Because old leaves are more susceptible to attack by injurious organisms, 
a considerable amount of the material is useless for experimental purposes 
during the late autumn. It was therefore necessary to cultivate considerable 
quantities of Helodea plants. Transplantation did not prove to be successful 
after the month of July. 

No supplementary illumination was supplied during the winter months. 
Experiments with a combination of sodium vapour lamps and mercury 
vapour lamps of varying intensities resulted in no perceptible improvement 
in growth. The intensity of photosynthesis certainly increased, but it gave 
rise to a deposit of calcium carbonate on the leaves, which made measure- 
ments of the viscosity more difficult. No systematic attempts to find a 
suitable form of illumination for the winter months were, however, made. 

The water in the ponds was not kept at a constant temperature. Before 
the material was used for the experiments it was therefore adapted in con- 
stant light and temperature. 


b. Structure of the Helodea leaf 


The Helodea leaf has only two layers of cells, those of the upper surface 
being twice as broad as those of the under surface. The vascular bundle 
running through the middle of the leaf has several layers, the cells being 
narrower than those in the remainder of the leaf. 

The various parts of the leaf differ physiologically. The permeability, the 
osmotic value of the cell sap and the resistance to interventions of various 
kinds are greater in the protoplasts of the under surface of the leaf than in 
the upper (98, 101). 

The tissue areas on either side of the vascular bundle may be divided into 
three regions: the meristematic region (nearest to the attachment of the 
leaf); the region of elongation, and the differentiated region (the apical part) 
— see Ruge (129) Fig. 2, p. 317. Both the permeability to urea and the state 
of the protoplasm differ appreciably in the respective regions (144). For 
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example, the configurations in plasmolysis are entirely dissimilar. According 
to Weber (171) this indicates differences in viscosity. However, the plasmo- 
Ivtic configurations obtained do not agree in this respect with the results 
obtained with the centrifuge method (see the following). There is thus parti- 
cular reason to stress the importance of permeability and of contact with the 
cell wall for the configuration obtained in plasmolysis. 

In a fully mature leaf of Helodea, there are two areas in the centre of 
the leaf — on either side of the vascular bundle — with similar permeability 
and a homogeneous configuration in plasmolysis. Most frequent use has 
therefore been made of these areas in cytological studies of the Helodea 
leaf — cf. Järvenkylä (77). Fig. 3. 

When the Helodea leaf is centrifuged, the cells of its upper surface are 
affected first. As a rule, all their contents are displaced before any effect of 
centrifugation on the cells of the under surface can be observed. This applies, 
in any event, when a long centrifugation time is required. The phenomenon 
thus constitutes an additional difference to those already mentioned in the 
respective surfaces of the leaf. 

The effect of centrifugation is first discernible in the basal cells and those 
of the vascular bundle. The cells in the apex of the leaf are then affected 
and, finally, the forementioned areas on either side of the vascular bundle. 
In the present study, determinations of the viscosity were made on the cells 
of the under surface of the last-mentioned area. 

Thus, the viscosity of the protoplasm is lowest in the cells in the base 
of the leaf and in the vascular bundle. If, however, the plasmolytic method 
is used, it is found that these cells show extremely concave plasmolysis 
which according to Weber (171) — indicates a high degree of viscosity. 
This is an evident example of the difference in results obtained with the two 
main methods for determination of the viscosity. One reason for this lack 
of agreement has been given earlier in the section on the conception of proto- 
plasmic viscosity (I). 


The forementioned order for the sensitivity of the cells to centrifugation 
is due partly to the age of the respective areas and partly to the differences in 
the various parts of the leaf described earlier. 

From November to March, when the rate of growth is inappreciable and 
no experiments can be carried out, the variations in the protoplasmic vis- 
cosity of the various cellular areas are very irregular. It appears to be a 
question not only of a phenomenon connected with age, but also of some kind 
of inhibition of the correlation between the different parts of the leaf. The 
changes take place after the protoplasm has shown a maximal response to 
light for some weeks. It was not found possible to affect these deviations from 
the »normal» plasmatic condition of the cells by means of illumination or of 
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changes in temperature. The changes are presumably associated with the dif- 
ferences in permeability at this time of the year demonstrated by Gahlen (53). 


c. Determination of the protoplasmic viscosity of the Helodea leaf. — 
Effect of injury 


In the present study, the value for the protoplasmic viscosity is stated 
as the time in minutes during which the centrifuge must rotate in order for 
the chloroplasts in 90 per cent of the cells of the under surface of the leaf 
to be displaced to the centrifugal end of the cells. In the following, this is 
denoted as the centrifugation time. 

The forementioned figure, i.e., 90 per cent, denotes the following. The 
leaf has been centrifuged for so long that individual cells whose contents 
have only just started to be affected are still found here and there in the 
relevant cellular area. Thus, centrifugation must not continue so long that 
the contents of all the cells have become displaced. 

Owing to the elasticity of the protoplasm, the cell contents are not dis- 
placed continuously under the influence of a centrifugal force. Displacement 
only starts when centrifugation has been in progress for a varying period 
and then takes place rapidly. A leaf may, for example, have been centri- 
fuged for five minutes without any perceptible effect on the main cellular 
mass. It may be found that onlv a further two minutes’ centrifugation is 
required to affect the cells. Owing to this rapid displacement of the cell 
contents, it is possible to determine the centrifugation time with fairly great 
accuracy. With a centrifugation time of less than 6 minutes, the value can 
be obtained with an accuracy of £0.5 minute and with a time between 6 
and 15 minutes with an accuracy of approximately 1 minute. Times exceed- 
ing 15 minutes will be increasingly uncertain (see Fig. 4). 

The determinations of the protoplasmic viscosity were made on loose 
leaves. The leaves were removed from the shoot with a forceps, which caused 
a decrease in the viscosity of the cells at the base of the leaf. Because, how- 
ever, the viscosity of these cells is originally lower than that of the other 
leaf cells, it is difficult to determine how much of the decrease must be 
ascribed to the injury. If leaves of Helodea densa, severed in the centre, are 
centrifuged, those cells nearest to the cut surface are affected first. The effect 
of the injury extends only to a few rows of cells, the viscosity of those in 
the rest of the leaf being unchanged. As a comparison, it may be mentioned 
that a slight transmission of stimulus takes place if a filament of Spirogyra 
is severed, resulting in a decrease in the viscosity of approximately six cells 
adjacent to the cut surface (114). The effect of the injury subsides after 
about 40 minutes. Thus, the decrease in viscosity found in the cut surface 
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after severing part of a plant does not influence the value for the plasmatic 
viscosity in the plant as a whole. 

The following procedure was used to determine the centrifugation time. 
Four leaves, uniformly treated, were each placed in one glass tube of the 
same diameter as the breadth of the leaf. The glass tubes — filled with cul- 
ture medium — were placed in the holders of the centrifuge, which was 
started and allowed to rotate for, e.g., three minutes. The rotor was stopped 
instantaneously, one tube removed and replaced by another. The centrifuge 
was restarted immediately. The leaf removed was examined under a dis- 
secting microscope with a magnification of 20 times, which was sufficient 
to reveal the extent to which the relevant part of the leaf was affected. If 
50 per cent of it was affected, the centrifuge was allowed to rotate, for 
example, for one additional minute. Another specimen was then removed 
and the degree of centrifugation determined. If only a minor part of the 
cells were displaced after the first three minutes, a longer time was allowed 
to elapse before the next specimen was removed. With this procedure it was 
possible, after some practice, to approach the true value with great accuracy 
after examining only two to three leaves. The other leaves in the centrifuge 
then served as controls. 


Stälfelt (146) placed the leaves between glass slides, which were then inserted 
in centrifuge tubes filled with culture medium. This serves to flatten the leaves 
and keep them in position. The centrifuged leaves were then examined under an 
ordinary microscope. This method permits a detailed study of the centrifuged cells. 
I used this technique in the early stages of my investigation but later changed to 
that described earlier. This was because I found that there was less risk of breakage 
if glass tubes were used instead of glass slides. ] also found that it was somewhat 
less time-consuming. If the glass tubes were immersed in water when their contents 
were examined under the dissecting microscope, a satisfactory picture of the centri- 
fuged leaves was obtained. 


There is no risk of deformation during centrifugation, since the leaves 
possess great mechanical stability. If a leaf is placed horizontally in the tube, 
it is not deformed but remains in the same position at the end of centri- 
fugation, even if the centrifugal force is considerable (8). 

If the viscosity value is constant during the determination, the centrifuga- 
tion time can be ascertained with great accuracy in a relatively short time. 
This becomes more difficult when the viscosity changes whilst the leaves 
are in the centrifuge. Two examples follow. 

1. The protoplasmic viscosity increases in the course of measurement, it 
being relatively low when centrifugation is started. This may result in 50 
per cent of the cells being affected after three minutes. If the viscosity 
subsequently increases, continued centrifugation for two minutes fails to 
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have any marked effect. It is then necessary to~continue centrifugation 
considerably longer. 

2. The protoplasmic viscosity decreases during the determination. In this 
case, the cells may be only slightly affected after the first five minutes. After 
an additional minute, the contents of all the cells may have been displaced. 

In the two forementioned extreme cases it is obviously difficult to state 
the true viscosity value. In the present study — as stated earlier — all the 
viscosity values are given in terms of the minutes of centrifugation required 
to affect 90 per cent of the leaf cells. This implies that the value for the 
protoplasmic viscosity at the beginning of centrifugation. (the time given 
in the curve) differed, in a number of cases, from that subsequently found. 
In drawing the curves, this time displacement was not taken into account. 
since it is of minor importance for the interpretation of the course of the 
changes in viscosity. 


d. Relationship of the magnitude of the centrifugal force to the value for 
the viscosity 


In order for the protoplasm of a cell to be displaced under the influence 
of a centrifugal force, the latter must exceed a certain minimal value, its 
magnitude depending on the state of the protoplasm (104, 105). If a cell is 
subjected to centrifugal force below this minimum, no change can be ob- 
served however long centrifuging is prolonged. The borderline figure can 
be determined by exposing the material to centrifugal forces of varying 
magnitude and recording the time required for displacement of the contents. 

That such a minimal value for the centrifugal force exists is due to the 
fact that the protoplasm has a structure (49, 132). It is to some extent 
elastic and can undergo reversible extension. If a centrifugal force is to be 
capable of displacing the cell contents, it must therefore exceed the elasticity 
of the protoplasm when it is maximally extended. 

The value for the centrifugation time will be dependent to a very great 
extent on the magnitude of the centrifugal force. This is illustrated by Fig. 4. 

The curves in Fig. 4 represent two different states of viscosity in the 
protoplasm of Helodea: (A) low viscosity and (B) high viscosity. The speed 
of centrifugation on measurement is shown on the abscissa and the centri- 
fugation time on the ordinate. It is seen from the figure that for each degree 
of viscosity there is a corresponding value for the centrifugal force, below 
which the cell remains unaffected. In Fig. 4, these centrifugal forces (the 
speed of the centrifuge) are denoted by a and b, respectively. They cor- 
respond to the value c, given by Northen (104, 105). 

It may also be inferred from the curves that a relatively inappreciable 
change in the speed of centrifugation may be accompanied by a considerable 
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change in the centrifugation time. This is particularly striking when the 
value for the viscosity approaches the borderline for the effect of the centri- 
fugal force. As a result, a relatively slight increase in viscosity will cause a 
considerable increase in the centrifugation time, if it is in the vicinity of 
the critical point (Northen’s c,). Similarly, a slight change in the centrifugal 
force in the critical area will bring about an appreciable change in the centri- 
tugation time. 

It is therefore apparent that the numerical values found for the viscosity 
(centrifugation time in minutes) may only be regarded as a rough measure 
of the »viscosity». They provide no information regarding the absolute 
viscosity. 

It is thus essential for the speed of centrifugation to be as constant as pos- 
sible in the same experimental series. This condition must be fulfilled if there 
is to be any certainty that the differences noted in the centrifugation times 
are to be ascribed to changes in the state of the protoplasm and not to 
changes in the centrifugal force in the course of the experiment. 

It is probable that some of the conflicting statements found in the literature 
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Fig. 5. Relationship of the displace- 
ment of the cell contents to the magni- 
tude of the centrifugal force. Experi- 
ments with Spirogyra. Abscissa: time of 
centrifuging. Ordinate: number of cells 
of which the contents have been dis- 
placed as a percentage of the whole 
cell mass. 
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with regard to the changes in viscosity under the influence of various agents 
are due to an irregularity in the speed of the centrifuge. In many cases, 
determinations of the viscosity have been made with hand centrifuges of 
various types. It is impossible with such apparatus to obtain speeds that are 
sufficiently constant to give reliable and comparable values for the proto- 
plasmic viscosity. 

If lengthy centrifugation is required to affect the cells, the time lag be- 
tween the displacement of individual cells in the same tissue region will 
increase in proportion to the time. This is illustrated by Fig. 5, which shows 
an experiment with the protoplasm of Spirogyra. The elastic properties of 
the protoplasm are particularly evident in this material (105, 106, 109). Two 
uniformly pre-treated portions of algae filaments (approximately 20 in each) 
were exposed to two different centrifugal forces. In case A (the higher speed) 
all the cells in the filament fell after 8 minutes’ centrifuging. In case B (the 
lower speed) approximately 50 per cent of the cells were affected after the 
same time. No further effect could be noted on prolonged centrifugation at 
the same speed. 

The limitations in the importance and implications of the centrifugation 
time with respect to the protoplasmic viscosity have already been discussed. 
Notwithstanding, this unit has been used in the present study as a measure 
of the state of the protoplasm instead of Northen’s c,. This is because it 
was necessary to obtain a conception of this state within as short a period 
of time as possible. Northen’s method requires a considerable number of 
determinations to be made on the same specimen before the value for c, is 
found. The centrifugation time as defined in the foregoing can be determined 
with rapidity after inspecting three or four leaves. 

The method used in the present study to determine the state of the proto- 
plasm is reliable, provided that the speed of centrifugation is adjusted so 
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that the time required is less than approximately 15 minutes. This is illu- 
strated by the determination of stabilized protoplasm (see IV). In these 
determinations the centrifugation time was constant. No variations in the 
values were found. Values as similar as those in Fig. 10 would scarcely have 
been obtained had the speed of centrifugation been altered in the course of 
the experiment. 


e. Relationship of the age of the leaf to the permeability and protoplasmic 
viscosity 


During the development of the cell, changes take place in the permeability 
and viscosity of the protoplasm. 

Even though conflicting statements are found with regard to the relationship 
between age and permeability — see Lepeschkin (89) p. 170 — the majority of 
investigations have shown that permeability increases with age (69, p. 638; 95, 100, 
177). 

With the centrifuge method, the viscosity has also been shown to increase with 
the age of the protoplasm (96, 97, 129). On the other hand, when the plasmolytic 
method has been used, the results have often been contradictory, in that the youngest 
zones of a Helodea leaf show extremely concave plasmolysis (47, 143). 


It was of importance for the present investigation to ascertain the effect 
of age on the protoplasmic viscosity of Helodea. This is because it is neces- 
sary, in order for comparisons to be made between the viscosity values of 
different leaves subjected to varying treatment, for the following conditions 
to be fulfilled: 

1) the initial values for the viscosity must have been uniform in the different 
leaves; 
2) the leaves must react uniformly to the same interventions. 

Point 1 is intimately associated with the relationship between age and 
viscosity and will be discussed in this section. Point 2 is dealt with later on 
in connexion with the synchronous course of changes in the protoplasm of 
leaves on the same shoot of Helodea. 

Stalfelt (146) found that the viscosity values for the protoplasm of Helodea 
were constant and the same for all the leaves on one shoot when it had 
remained in the dark for 3 days. As shown by Fig» 6 it is, however, essential 
when making such a comparison to avoid using very young leaves. Leaves 
closer than approximately five centimeters to the apex cannot be used in 
comparative experiments. This is because they show considerably lower 
values for the viscosity than the other leaves. The permeability is the same 
in all the older leaves on a shoot of Helodea, but decreases rapidly at a 
level of approximately 10 whorls from the apex (38). The curves for the 
viscosity and for the permeability are in good agreement (Fig. 6); there is 
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Fig. 6. The viscosity and the permeability to urea in the protoplasm of the leaves on a 
shoot of Helodea. Abscissa: number of whorls, counted from the apex. Ordinate: viscosity 


and permeability, respectively. Permeability values according to Collander and 
Wikström (38). 


therefore reason to assume the existence of a close relationship between 
these two properties of the protoplasm. 

This difference in the viscosity and the permeability, respectively, that 
can be noted in leaves of: different ages depends not only on direct changes 
in the protoplasm due to rising age, but also on the anatomy of the leaf. 
The percentage distribution on the surface of the leaf of the three regions, 
i.e., the meristematic region, the region of elongation and the differentiated 
region, varies with the age of the leaf (144). The leaves on the apex of a 
Helodea shoot — the youngest leaves — consist almost exclusively of a region 
of elongation, only a small part furthest up in the apex being differentiated. 
Leaves only a few decimeters lower down consist for the main part of dif- 
ferentiated cells. Cells still in the process of elongation are only present in 
a small portion closest to the base of the leaf, near its attachment. 

Experiments have shown that in the summer and the first part of the 
autumn, when the material is in a state of normal growth, the viscosity values 
are the same for the leaves between 5 and 30—40 centimeters below the apex. 
This also applies when they have undergone similar treatment. During late 
autumn and winter, the length of the critical apical part is less, owing to a 
decrease in the rate of growth. 
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Only fully mature leaves were used in the present investigation. No leaves 
were used less than 15 whorls counted from the apex, i.e., approximately 
10 centimeters from it. 


f. Synchronism between leaves on the same shoot 

If it is to be possible for changes in the protoplasmic viscosity to be 
observed during a certain period, the process involved in determination of 
the values must not disturb the natural conditions in the cell. Should this 
occur, it will result in a disturbance in the state of the protoplasm. Further 
study of the cell after the first intervention would then provide no information 
regarding the natural changes in the protoplasm. 

After centrifugation, the cell usually regains its original appearance after a period 
of rest (1, 44) but restitution may require considerable time, particularly when the 
viscosity of the protoplasm is high (41, 159). 

Changes take place in the viscosity if the cells are exposed to high centrifugal 
force or are centrifuged repeatedly at close intervals (82, 86, 114, 153). Less power- 
ful centrifugation, made once only, does not appear to change the structure of the 
protoplasm (76, 101, 163). When a study is to be made of the changes in the 


viscosity in connexion with stimulation by light, the natural state of the viscosity 


is nevertheless disturbed when the cell is examined under the microscope after 
centrifuging. 


In order to determine continuous changes in the protoplasm, it is therefore 
essential, with the centrifuge method, for the respective parts of the plant 
to react uniformly under the influence of the same stimuli. The leaves of 
Helodea densa fulfil this criterion (146). Thus, if all parts of the shoot 
are exposed to the same stimuli, the protoplasm of all its leaves reacts uni- 
formly and possible periodic variations are synchronous. If it is desired to 
determine the viscosity at a certain moment, the choice of leaf is immaterial, 
provided that all the leaves have been stimulated uniformly. This discovery 
(146) permits the course of changes in the protoplasmic viscosity of Helodea 
to be followed for a considerable period of time. 


4. The dark-room lamp and the response of the protoplasm to its light 


In that part of the treatment of the material which had to take place in 
the dark, I used -— as did Stalfelt (146) —- an ordinary dark-room lamp as 
a pilot light in the early stage of the investigation. Preliminary experiments 
showed the protoplasm to be insensitive to this light. The lamp was unshaded 
and the distance between it and the object was approximately one meter. 
The lamp was of the same type as that used by Hemberg (71) at the Institute 
in his experiments on the coleoptiles of Avena. It was then found to emit 
phototropically inactive light. 
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Fig. 7. Effect of weak red light on the 
protoplasmic viscosity. Each dot on the 
curve represents a measurement made 
after the protoplasm had been exposed 
to weak red light for approximately 3 
minutes. Thus, if the measurements are 
made at close intervals, the effect of an 
earlier light impulse persists. 
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At times, however. I found peculiar fluctuations in the viscosity values. 
This was the case even when the light was used only for the few minutes 
required to remove the leaves from the shoot and insert them in the centri- 
fuge tubes. These manipulations could not be carried out in complete dark- 
ness. The question then arose whether the material was sensitive to the red 
light or whether some other factor was involved. As a rule, the fluctuations 
consisted of a decrease in the values for the viscosity if the material was 
exposed to light several times at close intervals. Fig. 7 shows an example 
of these changes in the protoplasmic viscosity. In this experiment, the treat- 
ment of the Helodea plant was such that a constant value for the viscosity 
should according to the preliminary experiments — have been obtained. 
If, however, the determinations were made at short intervals, no constant 
value was found, but the viscosity curve showed undulating fluctuations. 

If, on the other hand, the interval between the determinations was pro- 
longed to one hour or more, the course of the viscosity curve was approxi- 
mately a straight line. This shows that a possible effect of stimulation sub- 


sides in the interim. 

This decrease in the value might be attributed to mechanical stimulation 
of the material on removal of the leaf. Control experiments, however, con- 
firmed Stalfelts (146) observation, i.e., that fairly strong shaking of the 
shoot did not affect the viscosity. I therefore concluded that the decrease in 
the viscosity could be attributed to the effect of the red light. 


In this connexion, it is interesting to note that such weak, phototropically inactive 
light as that in question has been found to inhibit the growth of the first internode 
of the coleoptile of Avena (59, 60, 74, 75, 93, 182, 183). This reaction was attributed 
both to a decrease in the frequency of mitosis and to a direct inhibition of elongation. 
The most effective region of light was found to lie between 550 and 700 my. (60). 


The effect of red light on the protoplasm noted in the present investigation 
thus shows that protoplasm in general presumably responds even to photo- 
tropically inactive light, even if in many cases the effect only takes place 
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after illumination of relatively long duration. Red light may, however, be 
phototropically active in some instances, although its effect is considerably 
weaker than that of a corresponding amount of energy from blue light (5, 33). 
The photomorphotic effect of red light has been demonstrated by Aberg (192) 
amongst others. 

The response of protoplasm to light appears to be bound mainly to the 
short-wave region (see XIV). I therefore continued to use a red pilot light in 
the treatment of the material in the dark. In order to decrease the effect 
to as great an extent as possible, I nevertheless ceased to use direct illumina- 
tion. I screened off the lamp so that the object was only illuminated by the 
light reflected from a white screen 30 centimeters from. the Jamp. The light 
obtained in this way was the weakest possible in which the work could be 
performed. I found it necessary to remain in total darkness for approximately 
five minutes before each experiment, in order to be able to distinguish 
objects in this poor light. 

After these precautions had been taken, I found no variations in the basic 
values for the viscosity after exposure to this weak red light, even after 
several hours. 


IV. The Fluctuations in the Protoplasmic Viscosity of Helodea 
Densa under Natural Conditions and in the Dark 


1. 24-hour fluctuations 


Stalfelt (145, 146) found that, under natural conditions, the protoplasmic 
viscosity of Helodea — determined with the centrifuge method — is never 
constant. In daylight the curve for the viscosity was undulating, the maxima 
and minima being unevenly distributed over this period. The amplitude of 
the fluctuations varied. The value at times remained on a fairly high level 
for several hours, falling rapidly in the course of the next few minutes to a 
low value, with a subsequent rapid rise. This occurred repeatedly. It was not 
possible to note any regularity in the fluctuations. In the majority of cases, 
an entire undulation was completed in the course of 2—3 hours; at times 
within a shorter period. Intermittent, greater fluctuations in the viscosity, 
which were only completed after a still longer period, could also be noted. 

The fluctuations in the viscosity values continued as long as the plant 
was exposed to light. Stalfelt found no correlation between the amplitude 
of the variations and their duration, or between their duration and the 
intensity of light. 

I recorded the fluctuations in the viscosity during 24 hours. I then found 
that their amplitude was greatest during the hours of darkness (Fig. 8). 
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Fig. 8 24-hour fluctuations in- the protoplasm of Helodea under natural conditions. 

Abscissa: time of day for determination. Ordinate: viscosity. The curve is composed of the 

results of two experimental series, made at an interval of three days. The borderline 
between them is denoted by double vertical lines. 


On an average, they reached a higher level during the night. Thus, in Helo- 
dea densa, there is a definite 24-hour rhythm in the fluctuations of the proto- 
plasmic viscosity. 

The 24-hour rhythm is not, however, an autonomous phenomenon. This can 
be deduced from the fact that if daylight is excluded and Helodea is instead 
illuminated continuously with strong light of constant intensity, the 24-hour 
rhythm disappears (Fig. 9). The variations of short duration certainly con- 
tinue, but there is no regularity in their amplitude. Nor, however, are these 
variations in the viscosity values autonomous, but are induced by an external 
stimulation — i.e., light — since they gradually ebb out if the light factor 
is removed (see the following). 

Similar periodic variations in the protoplasmic viscosity have been shown 
in Spirogyra (159) and in Mnium (157), a 24-hour rhythm also occurring, at 
any rate in Spirogyra. 

Fluctuations in the protoplasmic viscosity therefore appear to be a general 
phenomenon, since they are found both in cryptogams and in phanerogams. 
As far as Helodea is concerned, they are not associated with changes in the 
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Fig. 9. Changes in the viscosity on continuous illumination of constant intensity. At 11.30 

hrs. daylight was replaced by the light of an incandescent lamp of the same intensity — 

in this case approximately 20000 M.C. The fluctuations are seen to continue, but no 24-hour 
rhythm comparable to that in Fig. 8 can be noted. 


composition of the culture medium during the determinations. For, they are 
found both when the plant is kept in small glass vessels with a volume of 
only 0.5 liter and when they are kept in larger containers, with a large 
quantity of culture medium in proportion to the material. Thus, they are 
unaffected by changes in the pH of the culture medium in connexion with 
photosynthesis and respiration (see VI). 


2. Effect of darkness on the natural fluctuations 


The fluctuations in viscosity are maintained by daylight. They therefore 
gradually decrease if Helodea is transferred to complete darkness (146). This 
decrease takes place slowly (Fig. 10). The viscosity value only becomes 
constant after approximately 3 days in the dark. During the first 24 hours, 
no decrease in the fluctuations can be observed. On the contrary, their 
amplitude is increased, in that the maxima reach higher values than those 
found under the influence of daylight. This is associated with the greater 
variations during the night occurring under natural conditions. Therefore, 
if the light is removed or weakened, a transient increase in the viscosity 
takes place. 

Under natural conditions, the fluctuations in the viscosity values remain 
in the vicinity of a mean value. The protoplasm has therefore a more or 
less marked state of equilibrium about which variations may occur (138, 
139, 149). The value for the equilibrium appears to increase gradually when 
the protoplasm is kept in the dark for some time, The conditions may, how- 
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ever, vary. Because it may require four to five hours for a »wave-length» 
in the fluctuations to be completed, it can be difficult to establish the value 
that may be considered as the state of equilibrium of the protoplasm under 
natural conditions. 


3. Discussion 


The fluctuations in the protoplasmic viscosity described in the foregoing 
are presumably intimately associated with other, similar periodic changes 
in the state of the protoplasm (cf. XV. in which a brief review is given of 
such phenomena). 

The similarity between the simultaneous changes in the viscosity and the 
permeability of the cell is particularly striking (88). If such changes took 
place in all living protoplasm, they might be envisaged as the primary cause 
of such phenomena as nutations and other fluctuations in the rate of growth 
under constant external conditions. In this case, the auxin mechanism might 
be postulated as the binding link between the various phenomena. However. 
both nutations and fluctuations in the rate of growth have been observed 
in organs that have never been exposed to light (17, 45, 46, 79. 191). The 
state of the protoplasm would therefore have to be subject to continuous 
variations if the forementioned hypothesis were correct. The fluctuations in 
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the protoplasmic viscosity of Helodea certainly cease after 3 days in the 
dark, but other plants differ in their reactions. For example, no constant 
value is obtained for the protoplasmic viscosity of Spirogyra, if it is kept in 
the dark (159). Before any definite conclusions can be drawn with regard 
to its possible réle in the processes of nutation and growth, a thorough 
analysis of the course of the fluctuations in protoplasmic viscosity in other 
objects is required. 


V. The Process of Adaptation 


1. Effect of pre-illumination on the response of the protoplasm 


When the protoplasm has attained a constant viscosity value after being 
in darkness for three days, it is very sensitive to light and responds immedia- 
tely with changes in viscosity on exposure to light (146). 

Stälfelt (146) obtained constant protoplasmic viscosity in his material by 
placing it in the dark for 2—3 days immediately after removal from the 
place of cultivation. Comparison between different shoots nevertheless re- 
vealed fluctuations in the values obtained. The response of the protoplasm 
to the same light impressions varied. Mention may be made of Fig. 5 (p. 8) 
and Fig. 6 (p. 9) in Stalfelt’s work, showing the results of continuous illu- 
mination of protoplasm with 16,000 M.C. In these series, the basic values for 
the viscosity were on different levels. In other series he found the same 
response to different intensities of light. Thus, Fig. 4 (p. 7) shows that 
illumination with 500 M.C. in one case had the same effect as illumination 
with 4000 M.C. in another. 

In the early stages of my investigation, I found similar tendencies — which 
at first appeared somewhat puzzling — in the response of the protoplasm. 
If, however, I exposed the material to continuous, constant illumination for 
some days before placing it in darkness, the variations ceased almost com- 
pletely. This showed that the response of the protoplasm to light could 
undergo adaptation. But, although a constant viscosity value is then found 
after three days in darkness, the protoplasm retains the influence of the 
light to which it has earlier been exposed. The variations found by Stalfelt 
(146) may therefore be ascribed to changes in the intensity of daylight 
during cultivation. 

Fig. 11 illustrates the importance of uniform pre-illumination of cells 
(before the shoots are placed in the dark) on which comparative deter- 
minations are to be made. The intensity of pre-illumination was 450 M.C. 
(curves A and C) and 6000 M.C. (curves B and D) for 3 and 6 days respec- 
tively. During this time and during the subsequent period in the dark, the 
Helodea shoots lay in glass containers, with a volume of approximately 
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Fig. 11. Effect of pre-illumination on the response of the protoplasm to light. Pre-illumina- 
tion and stay in darkness as follows: 
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After the period in darkness, the protoplasm was exposed to continuous illumination at an 
intensity of 2200 M.C., started at 0 (arrow). 


one liter, provided with lids. After pre-illumination, the material remained in 
darkness for 3 days and was then exposed to continuous illumination (1100 
M.C.). The changes in viscosity were determined during the last-mentioned 
period, four leaves at a time being examined at intervals of approximately 
15 minutes for about 4 hours. 

During continuous illumination, the shoots (each approximately 40 cm. 
long) lay in a cuvette of 5 mm. thick surface-ground glass (inner measure- 
ments 13 by 13 by 3 cm.) filled with water taken from the glass container. 
The joints of the cuvette were paraffined in order to avoid any cement being 
dissolved and contaminating the water. One side only of each cuvette was 


illuminated. 
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It is apparent from the curves for the changes in viscosity that the duration 
of pre-illumination plays little röle when it exceeds 72 hours. Curve A may 
be compared with curve C and curve B with curve D. The only difference 
in the experimental conditions in the respective cases was the duration of 
pre-illumination, i.e., 3 days in C and D and 6 days in A and B. No essential 
differences can be noted in the course of the curves. 

If, on the other hand, changes were made in the intensity of the light, the 
results were very different. The course of the respective curves then varied 
according to the intensity of light during pre-illumination. If this was 450 M.C. 
(A and C), illumination of the protoplasm after stabilization in darkness 
caused fluctuations in viscosity about the basic value. If the intensity of 
pre-illumination was 6000 M.C. (B and D) there was a very appreciable 
increase in viscosity on illumination after the period in darkness. This in- 
crease comprised the ascending limb of a strong, transient fluctuation 
(Fig. 11). 

It is apparent from these experiments that pre-illumination before sta- 
bilization of the protoplasm in darkness plays a considerable röle in the 
response of the protoplasm. This will only be uniform in different shoots 
provided that pre-illumination has been uniform. 


2. Effect of the duration of darkness on the response of the protoplasm 


When fluctuations no longer occur in the values for the viscosity, the 
protoplasm may be considered to have become adapted to the intensity of 
pre-illumination. The response of the protoplasm to light does not, however, 
remain unchanged on continued stay in the dark in excess of the three days 
necessary to obtain a constant viscosity value. 

This is evident from Fig. 12. Curves A, B and © show the course of the 
viscosity in the protoplasm of three Helodea shoots uniformly pre-treated. 
They were removed simultaneously from the place of cultivation and illu- 
minated with a constant intensity (450 M.C.) for four days in order to 
ensure uniform conditions before placing them in the dark. This pre-illu- 
mination was not, it is true, strictly necessary since the shoots were removed 
simultaneously and had therefore been exposed to the same fluctuations in 
the daylight. The procedure nevertheless obviated the risk of any differences 
in the adaptation of the material. 

The shoots were then placed in darkness, shoot A for 3 days, B for 4 days 
and C for 5 days. This was followed by continuous illumination at a constant 
intensity of 2200 M.C. Although the initial values for the protoplasmic vis- 
cosity were practically the same, the response of the respective shoots to the 
same intensity of illumination was entirely dissimilar. Shoot A showed a 
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Fig. 12. Effect of the duration of the stay in darkness on the response of the protoplasm 
to light. Pre-illumination and stay in darkness as follows: 
A: pre-illumination 450 M.C. for 4 days, stay in darkness 3 days 
B: » 450 M.C. > 4 » » » » ah » 
C: » 450 M.C. » + » » » » 9 » 


After the period in darkness, the protoplasm was exposed to continuous illumination at an 
intensity of 2200 M.C., started at 0 (arrow). 


very transient decrease in viscosity, followed by a sharp rise. Shoot C 
responded with an immediate decrease in the value for the protoplasmic 
viscosity, the value remaining on a low level, with small fluctuations only, 
for at least four hours. The response of shoot B occupied an intermediate 
stage to that of A and C. 

Thus, the sensitivity of the protoplasm varies with the duration of the 
stay in darkness. A comparison may be made between these curves (Fig. 12) 
and those in Fig. 16 which show changes in viscosity on illumination of 
material that had remained in the dark for a uniform period. It can be 
deduced from the discussion in VII that the response to light increases during 
the stay in darkness. 

Obviously, the response of the protoplasm to light does not vary only 
during the time following the three days in the dark necessary to attain 
a constant viscosity value. This process continues during the entire period in 
darkness. Fig. 13 shows the results of an experiment to ascertain the effect 
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Fig. 13. Changes in the response of the protoplasm to light during the first days in dark- 


ness. Pre-illumination and stay in darkness as follows: 


A: pre-illumination 450 M.C. for 4 days, stay in darkness 0 day 


B: » 450 M.C. » 4 » » » > des 
C: » 450 M.C. » 4 » ».» » 2 days 
D: » 450 M.C. » 4 » 35 » 3.723 


After the period in darkness, the protoplasm was exposed to continuous illumination at an 
intensity of 22000 M.C., started at 0 (arrow). 


of continuous illumination on the protoplasm after the shoot had been in 
darkness for 0, 1, 2 and 3 days, respectively. The intensity used (22,000 M.C.) 
caused an immediate decrease in the viscosity of the material that had been 
in darkness for 3 days (D). The value remained on the same low level as 
long as illumination was continued (4 hours in this case). 

If material was exposed to illumination of the same intensity immediately 
after it had been taken from the place of cultivation (A) the effect was not 
as pronounced. The natural fluctuations continued and, because the intensity 
of the artificial light did not differ markedly from that of daylight, no 
definite change could be noted in the viscosity curve. Owing to the irregu- 
larities in the fluctuations under natural conditions, it is difficult in this 
case to determine whether a notch in the curve was caused by the artificial 
light or whether it was part of the »natural» fluctuations. 

After one day in darkness (B) no definite effect of illumination could be 
‘observed, apart from a possible slight attenuation of the fluctuations as 
compared with case A. This was more pronounced when the material had 
remained in darkness for two days (C). After three days in the dark, when 
a constant basic value for the viscosity had been attained, illumination caused 
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the forementioned decrease, the value remaining constant as long as the 
materiakwas exposed to light. 

A striking fact is that adaptation appears to take place fairly rapidly 
during the third day in darkness. Whereas, after two days, relatively large 
fluctuations in the viscosity values still occur, the decrease is so marked 
thereafter that no fluctuations can be noted. Obviously, it cannot be assumed 
that they have ceased altogether. Centrifugation times less than 1.5—2 minu- 
tes cannot be measured. Therefore — if the centrifuge continues to revolve 
at the same speed —- fluctuations below this value cannot be recorded. Such 
fluctuations will not appear on the curve, which will run in a straight line. 
It is conceivable that the rapid adaptation occurring during the third day 
in darkness may be associated with the cessation of the natural fluctuations 
which also takes place at this time. 

It may be concluded from the foregoing that all the experimental plants 
must remain in darkness for the same period, if uniform changes in the 
protoplasmic viscosity are to result from subsequent exposure to light of 
the same intensity. 


VI. The Effect of the Properties of the Culture Medium on the 
 Protoplasmic Viscosity 


During pre-illumination, the period in darkness and illumination, the 
shoots of Helodea are kept in glass vessels with a relatively small volume. 
The composition of the culture medium in these vessels will therefore undergo 
considerable changes after some time. 

When the material has been in the dark for three days, the pH of the 
culture medium is around 7.8. On exposure of the material to light, the pH 
of the medium rises, owing to photosynthesis. If the intensity of illumination 
is high, the rise in the pH takes place fairly rapidly. Thus, after illumination 
with 22,000 M.C. for four hours, the pH of the culture medium rose from 
7.8 (value in the dark) to 9.2. With an intensity of light below 100 M.C., 
the degree of acidity does not change. 

The forementioned changes in the pH of the culture medium when the 
material is illuminated in the cuvette are shown in Fig. 14. In these experi- 
ments, the material was pre-illuminated at a constant intensity and then 
placed in darkness for three days. Continuous illumination of varying intensity 
for four hours followed. During these four hours, the pH values were mea- 
sured with a glass electrode. The curves in the figure show the effect of illu- 
mination on the intensity of photosynthesis. 

The changes in pH during photosynthesis are mainly caused by splitting 
of the calcium carbonate into calcium hydroxide and carbon dioxide. 
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Fig. 14. Changes in the pH of the cul- 
ture medium during continuous illumi- 
nation of Helodea shoots with varying 
intensities of light. Abscissa: duration 
of illumination in hours. Ordinate: pH 
value. 
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The total ion content of the culture medium changes during photosynthesis. 
If this continues for some time, the ions are taken up quantitatively by the 
plant so that the medium may become totally devoid of ions (131). 

During the subsequent period in the dark, the process is reversed. The 
pH of the water decreases and it becomes enriched with ions. The pre- 
treatment of the material was uniform; therefore,*these changes in the com- 
position of the culture medium are of little consequence, even if they were 
to affect the viscosity. On the other hand, it is conceivable that changes in 
the composition of the culture medium could affect the fluctuations in the 
viscosity of uniformly pre-treated material exposed to illumination of varying 
intensity. 

In order to ascertain whether such an effect actually took place, the fol- 
lowing control experiment was made. 

The viscosity of the protoplasm of a shoot was brought to a constant value 
in the dark; the pH of the culture medium was then low. The plant was 
then transferred to a culture medium in which a plant had lain that had 
been illuminated for a considerable time, thus causing an increase in the 
pH of the medium. The transfer was made in complete darkness. The vis- 
cosity was measured both before the transfer and about an hour after the 
plant had been transferred to the less acid medium, i.e., that influenced by 
photosynthesis (see Table 1). 

The experiment shows that the change in the composition of the culture 
medium caused by photosynthesis had no effect on the protoplasmic vis- 
cosity as measured with the centrifuge method. In this case, the changes in 
the protoplasm were due to the direct effect of light and not to any secondary 
effect of a change in the composition of the culture medium. 
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Table 1. The influence of changes in the culture medium on the protoplasmic viscosity of 
Helodea leaves. The protoplasmic viscosity of a shoot of Helodea was brought to a constant 
value in the dark; the pH of the culture medium was then low. The shoot was then trans- 
ferred to a less acid medium. The experiments were performed in darkness. 
eee 


Expt. Time of expt. pH of culture medium Viscosity 
Lg a BE er Di Br ea einer. se ee ee 

14.00 hrs. | 7.5 8 
14.10 » 8 
14.45 >» eo) 8 

I The shoot of Helodea transferred to a less acid medium 
15.00 hrs. 9.08 8 

| 15.1522 9.08 8.5 
| 15.45 >» 9.08 8 
qh 16.45 » 9.00 8 

ee. : 

12.15 hrs. 7.68 8.5 

| 14.45 » 7.68 8.5 

I The shoot of Helodea transferred to a less acid medium 
14.50 hrs. | 9.00 8 

15.15 » | 9.00 | 8.5 

| 16.00 » | 9.00 | 8.5 


Northen (110) placed filaments of Spirogyra in tap water, in water saturated 
with carbon dioxide to pH 5.6 and in solutions of hydrochloric acid and acetic 
acid, respectively, also with pH 5.6. He found the greatest decrease in viscosity 
in the filaments placed in the carbon dioxide solution. Northen’s experiments were, 
however, made in the light. It is therefore scarcely possible to draw any definite 
conclusions from them, since the protoplasm of Spirogyra responds strongly to 
light (159) and this factor may have influenced the results. In the case of Helodea 
it may, however, be asserted that the protoplasinic viscosity is unaffected by the 
changes in the culture medium due to photosynthesis. Stalfelt (146) earlier came to 
the same conclusion. 


VII. The Changes in the Viscosity of Uniformly Pre-Treated Proto- 
plasm under the Influence of Continuous Illumination of Varying 
Intensity 


1. Method and preliminary experiments 


In the experiments reported in the following, the Helodea shoots were 
pre-illuminated for four days after removal from the place of cultivation. 
They were then placed in darkness for three days and subsequently exposed 
to continuous illumination of varying intensity. The changes in the proto- 
plasmic viscosity were recorded during the last-mentioned period. 

During illumination (after stabilization in the dark) the shoots were 
placed in glass cuvettes filled with culture medium (see V). In these experi- 
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ments, as in all others reported in the present study, the temperature of the 
culture medium was 18—20° C. . 

Because the whole shoot (approximately 40 cm. long) remained in the cuvette, 
all its leaves were not uniformly illuminated, some of them receiving an oblique 
beam. In order to eliminate this source of error, the following technique was used 
in some control series. 

A Helodea shoot was cut in darkness into lengths of slightly more than two centi- 
meters. On each such piece there were, on an average, two whorls whose leaves 
alternated. These pieces were inserted into the cuvette with the cut surfaces facing 
its two largest lateral surfaces. Approximately 12 such pieces could lie freely in 
one cuvette. Since each whorl comprised about four leaves, the leaves sufficed for 
one series. This procedure ensured more uniform illumination. 

The results were compared with those obtained when the whole shoot was illu- 
minated without special arrangement of the leaves. The agreement between the 
two series was found to be satisfactory. I therefore considered it unnecessary to 
use the forementioned complicated technique. With illumination of short duration 
— when a more detailed study is to be made of the changes in viscosity — it is, 
however, necessary to ensure that the leaves are as perpendicular as possible to 
the direction of the light. In such experiments the technique must be modified. 


The viscosity of the protoplasm was measured every 15 minutes for 3—4 
hours, the first determination being made approximately five minutes after 
the beginning of illumination. Before this was started, a check was made 
to ensure that the protoplasm had attained a constant basic value for the 
viscosity. If it was found to remain constant for one hour in the dark, con- 
tinuous illumination was started. Fluctuations in the values were found only 
in a few cases; these shoots were discarded. Such fluctuations are presumably 
due to variations in the specimens that cannot be avoided in experiments of 
this kind. 

If pre-illumination has been constant and the period in darkness of equal 
duration for all the shoots, their protoplasm will be homogeneous with 
regard to the viscosity. It will respond uniformly on exposure to the same 
intensity of light. The experimental series must, however, be made during 
the same season. Otherwise, seasonal phenomena may affect the results — 
cf. Stalfelt (147) and VIII. 

The homogeneity in the response of the plasma of different shoots is 
apparent from the curves in Fig. 15. They refer to 6 shoots of Helodea, each 
about 40 centimeters long, removed from the pond at intervals of one day. 
They were pre-illuminated as described earlier, placed in darkness for three 
days and then exposed to continuous illumination (2300 M.C.) for about 
3 hours. The changes in viscosity were recorded during the last-mentioned 
period. It is seen from Fig. 15 that the curves were, to all intents and pur- 
poses, the same for all the plants. This applies, in any case, to changes 
during the first hours of illumination. The longer the period of measurement, 
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Fig. 15. Control experiments showing the homogeneity of the protoplasm in shoots uni- 

jormly treated. Six shoots of Helodea were removed from the pond at intervals of 1 day 

and pre-illuminated with an intensity of 450 M.C. for 4 days. They were then placed in 

darkness for 3 days and subsequently illuminated with 2300 M.C. for approximately 3 hours. 

The changes in viscosity were recorded during the last-mentioned period. Hlumination was 
started at 0 (arrow). 


the more do the curves deviate from each other. This deviation may pre- 
sumably be ascribed to a variation — which is unaffected by external fac- 
tors — in the material and not to differences in the adaptation to light. The 
magnitude of the fluctuations in the viscosity under natural conditions varies 
in different plants. The initial effect of illumination will always be the same, 
but the nature of the fluctuations in the viscosity initiated by light will be 
dependent on their original magnitude. 

In order to ensure that fluctuations in the sensitivity of the material did 
not take place during the preliminary experiments, a check was made after 
approximately every third series. A series in which the same intensity of illu- 
mination had been used throughout was repeated twice in succession. The 
material was found to be remarkably constant, provided that the experi- 
ments took place during the months in which the response of the protoplasm 
to light does not undergo rapid changes (see also VIII). The intensity of 
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illumination selected for the control series was such that even very slight 
changes in sensitivity would be recorded. Particular attention was focused 
on the initial response —- i.e., an increase or decrease in the protoplasmic 
viscosity. The subsequent course of the viscosity was not always uniform 
in the various specimens. This must be ascribed to the forementioned natural 
variations in the magnitude of the fluctuations. 


2. Changes in viscosity during four hours’ illumination 


In these series, three different intensities were used for pre-illumination 
(before the shoots were placed in darkness), i.e., 75, 450 and 10,000 M.C. 
After the period in darkness, the Helodea shoots were illuminated with vary- 
ing intensities of light between 0.5 and 22,000 M.C. With regard to the 
initial effect — an increase or decrease in viscosity in relationship to the 
basic value — three different ranges could be distinguished within the 
region studied. Their extent was determined by the intensity of pre-illu- 
mination. 


a. Intensity of pre-illumination 75 M.C. 


Range I: 22,000--2200 M.C. (Figs. 16a and b). — Illumination with these 
intensities caused a rapid decrease in the values for the viscosity. The greater 
the intensity, the greater was the decrease. With illumination of 22,000 M.C., 
the low viscosity value remained constant during the subsequent four hours 
of the experiment. The value was then the lowest possible that could be 
recorded with the method used, without changing the speed of centrifugation. 

Illumination with 13,000 M.C. was followed, after the initial decrease, by 
an increase with irregular fluctuations. A further decrease in the intensity 
of illumination caused a further increase in viscosity. 

Illumination with 2200 M.C. caused an initial but very transient decrease 
in viscosity. After 5—-10 minutes, a rapid increase took place and after 
about two hours, the values were so high that the protoplasm was no longer 
affected by the centrifugal force, the speed of the centrifuge being less 
than c, (104, 105). 

Range II: 2200—50 M.C. (Figs. 16b and c). — In this case, the initial 
effect was a rise in the viscosity curve, constituting the ascending limb of a 
fluctuation completed after about six hours — cf. Stälfelt (146). 

Range Il: 50—0.5 M.C. (Figs. 16 c and d). — The initial effect was also a 
decrease in viscosity. Although it was distinct, it was far from as marked as 
after illumination with 22,000---2200 M.C. Intensities of slightly less than 
50 M.C. resulted in a decrease in viscosity of short duration only. Thereafter, 
the value rose, approximately in the same way as in the 2200—50 M.C. range. 
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Fig. 16a. Changes in the viscosity of uniformly pre-treated protoplasm during approxi- 

mately 4 hours of continuous illumination with varying intensities of light. Intensity of 

pre-illumination in the respective series: 75, 450 and 10000 M.C. Illumination started at 0 
(arrow). Intensity of continuous illumination: 22000—3200 M.C. 
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Fig. 16b. Intensity of illumination 2200—350 M.C. Otherwise as in Fig. 16a. 
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Fig. 16c. Intensity of illumination 150—10 M.C. Otherwise as in Fig. 16a. 
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Fig. 16d. Intensity of illumination 2—0.5 M.C. Otherwise as in Fig. 16a. 


VISCOSITY 


If, on the other hand, the intensity of illumination was decreased still fur- 
ther (to 0.5 M.C.) it resulted in a still greater initial decrease in viscosity. 
During subsequent illumination, the values fluctuated about the basic value. 


b. Intensity of pre-illumination 450 M.C. 


Range I: 22,000—2200 M.C. (Figs. 16 a and b). — In this series, the curves 
for the viscosity followed essentially the same course as with corresponding 
intensities in the series pre-illuminated with 75 M.C. The same tendency to 
a rise, after an initial decrease, could be noted with a decrease in the intensity 
of illumination. There was no marked difference in the course of the curves 
after the first change. 

Range Il: 2200—25 M.C. (Figs. 16 b and c). — With moderate intensities, 
the increase in viscosity was as pronounced as with pre-illumination of 75 
M.C. In the present case (intensity of pre-illumination 450 M.C.) the border- 
line between the increase and the decrease lay at 25 M.C., i.e., at a somewhat 
lower level than in the previous series. 

Range III: 25—0.5 M.C. (Figs. 16c and d). — The decrease in viscosity 
with illumination of low intensities was very apparent. There was an im- 
mediate decrease, the viscosity subsequently fluctuating about the basic value. 
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ce. Intensity of pre-illumination 10,000 M.C. 


Range I: 22,000—6500 M.C. (Fig. 16 a). — After the initial, rapid decrease, 
the curve started to fluctuate as soon as after about one hour. The transition 
between the decrease and increase in viscosity —- the initial effect of illu- 
mination — occurred already at about 6500 M.C. With this intensity, a 
tendency to a decrease was found as the first effect of illumination. It was, 
however, succeeded by a considerable rise in the curve as soon as after 
approximately 30 minutes. 

Range II: 3200—0.5 M.C. (Figs. 16 a, b, c and d). — With a decrease in the 
intensity of illumination to values within this range, the first effect was an 
increase in viscosity. The increase took place more rapidly and the viscosity 
attained higher values than with a corresponding intensity of illumination 
in the two previous series (pre-illumination with 75 and 450 M.C.). Whereas 
weak intensities subsequently caused a decrease in the latter case, in the 
present series (pre-illumination with 10,000 M.C.) an increase was found — 
even with weak light -— as the initial effect of illumination. 


3. Changes in viscosity during the first five minutes of illumination 


In the series reported in the foregoing, the first reading was made after 
approximately 5 minutes’ illumination. At any rate with the strongest inten- 
sities, this was sufficient to cause the plasma to respond strongly, showing 
that it reacts very rapidly to light. Determinations of the viscosity were sub- 
sequently made at intervals of approximately 15 minutes. They could not 
be made at closer intervals, owing to the time required for placing the 
leaves in the centrifuge tubes and for centrifuging them. When the proto- 
plasm was highly viscous, thus necessitating prolongation of centrifuging, 
a longer time had to elapse between the determinations. 

Thus, if it is desired to study the changes in the protoplasmic viscosity at 
shorter intervals, use must be made of some other technique. 

In the series described in the following, the changes in viscosity were 
recorded during the first five minutes of illumination. The procedure was 
as follows. Four leaves at a time were removed from a shoot standing in 
the dark, its viscosity having been brought to a constant value by pre- 
illumination with 450 M.C. for 4 days, followed by a 3-day period in darkness. 
The leaves were then illuminated for periods varying between 1 second and 
5 minutes, followed in each case by determination of the protoplasmic vis- 
cosity. During illumination, the leaves were placed in a glass cuvette (27 by 
25 by 3 mm.). Since they lay perpendicularly, with the whole surface in the 
same plane, they were uniformly illuminated, the light falling at right angles 
to their upper surface. 
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Fig. 17a. Changes in the viscosity of uniformly pre-treated protoplasm (450 M.C. for 

4 days and stay in darkness 3 days) during the first 5 minutes of continuous illumination 

with varying intensities of light. Intensity of illumination 22000—2200 M.C. Illumination 
started at 0 (arrow). 


A continuous curve for the viscosity was obtained by combining the values 
recorded in this way. 

It is seen from Fig. 17 a that the initial effect of illumination of strong 
intensity was a very rapid, transient increase in the viscosity of the proto- 
plasm. It will, however, be shown later (IX) that this increase is presumably 
due to a light-darkness reaction — centrifugation taking place in the dark — 
and is not a result of a darkness-light reaction. After the initial rise, there 
was a rapid fall in the value. With 22,000 M.C., a maximal decrease occurred 
as soon as after about 20 seconds’ illumination. With successive decreases 
in the intensity of light, the time required for the viscosity to reach its 
minimal value became increasingly prolonged. The weaker the illumination, 
the longer was the time necessary for any response to be elicited from the 
protoplasm. The validity of the product law in this connexion will be dis- 
cussed in XII. 

The changes in the response of the protoplasm with a decrease in the 
intensity of illumination are clearly seen from the curves in Figs. 17 a and b. 
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Fig. 17b. Intensity of illumination 1500—0.5 M.C. Otherwise as in Fig. 17a. 


The initial effect, i.e., the change from a decrease to an increase in viscosity, 
occurred at about 2200 M.C. in this series. 

The course of the curve for illumination with 2200 M.C. (Fig. 17 a) gives 
the impression that some intensity of light must exist which has no effect 
on the protoplasm. This is not, however, the case. On continued illumination 
with 2200 M.C. -— which caused no change in viscosity after five minutes — 
it was found that undulating fluctuations gradually set in. After about one 
hour, a simultaneous, slow increase in the value was noted. 

Thus, fluctuations in viscosity are always found, even with constant illu- 
mination. A constant value can only be obtained by keeping the shoot in 
darkness for at least three days. 
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For the reasons given on page 289 it is difficult to determine whether the 
viscosity value changes after the considerable decrease following illumination 
with high intensities, e.g., 22,000 M.C. 

If the intensity of illumination was decreased to values below 2200 M.C., 
there was an initial increase in the viscosity value. The increase did not, 
however, take place as rapidly as the earlier increase in response to higher’ 
intensities, but occurred slowly in the course of illumination (5 minutes). 
The most rapid increase was found after illumination in the 100—350 
M.C. range. 

A decrease to a still lower intensity resulted, once again, in a decrease in 
viscosity. The conclusion reached earlier (157) — i.e., that with a decrease 
in the intensity of illumination, the lower the intensity of light, the earlier 
does the increase in viscosity begin — was found to be erroneous. Repeated 
experiments have shown that the conditions vary. The uniformity found in 
the earlier experiments was therefore presumably a coincidence. 


4. Discussion 


It has been shown Stalfelt (146) and earlier in the present study — 
that the fluctuations in protoplasmic viscosity occurring under normal con- 
ditions cease when the plant is kept sufficiently long in darkness and that 
they are re-started by subsequent illumination. The present experiments 
show that there is a definite relationship between the intensity of light and 
the course of the changes in viscosity. This is particularly apparent on a study 
of the initial response to illumination, It is then possible to distinguish definite 
ranges of intensity characterized by the same initial effect. 

The association between the intensity of illumination and the reaction of 
the protoplasm shows that the response of the protoplasm to light is a com- 
plicated process. Thus, the magnitude of the response is not in direct pro- 
portion to the intensity of illumination, but fluctuates periodically. I have 
not as yet been able to ascertain the cause of this peculiar course for the 
changes in protoplasmic viscosity. 

A number of other phenomena conditioned by light show similar periodic 
fluctuations. It is conceivable that they may be associated with the changes 
in the viscosity of protoplasm caused by illumination (see further XV). 

A comparison between the curves for the viscosity in shoots pre-illuminated 
with different intensities of light shows that the change in the initial reac- 
tion does not take place within the same range in the respective series. 

In the series pre-illuminated with 75 and 450 M.C., the first change in 
the initial effect of subsequent illumination with successively decreasing 
intensities of light takes place within approximately the same range of light. 
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With pre-illumination of 10,000 M.C., the change occurs at a higher intensity. 
The critical value lies between 6500 and 3200 M.C. The following inference 
may therefore be drawn, at any rate with respect to the higher intensities 
of pre-illumination. The stronger the intensity of pre-illumination, the higher 
is the range within which the period starts that is characterized by an in- 
crease in viscosity as the initial effect of illumination. This implies that the 
response of the protoplasm to light decreases with an increase in the intensity 
of pre-illumination. This change in the sensitivity of the protoplasm after 
different intensities of pre-illumination may explain the variations found by 
Stalfelt (146) in his experiments. 

It is probable that the decrease in sensitivity as a result of an increase in 
the intensity of pre-illumination could be counteracted by a longer period in 
darkness (cf. Fig. 12, and the following). 

On illumination with moderate intensities (causing an increase as the initial 
effect) it is always possible to depress the value by means of an increase in 
the intensity of light. This decrease in viscosity occurs as instantaneously as 
does the first decrease on illumination of specimens — stabilized in the 
dark — with strong light (causing a decrease as the initial effect). This is 
further proof of the fact that the response of the protoplasm to light de- 
creases during illumination. For, if the viscosity is to remain on the low 
level of, for example, protoplasm pre-illuminated with 10,000 M.C. and 
subsequently illuminated with 22,000 M.C. (Fig. 16a) the intensity must be 
increased during continued illumination. 

If the increase in viscosity during illumination is taken as a gauge of a 
decrease in response to light, it may be inferred from the undulating course 
of the curve that the decrease is not continuous. I was unable to find any 
correlation between the increase in viscosity and the increase in the inten- 
sity of illumination required to depress the value once more. 

The curves in Fig. 11 may also be explained on the grounds of the fore- 
mentioned displacement in the ranges with a similar course for the reaction. 
A and C in Fig. 11 represent the curves for the approximate intensity of illu- 
mination at which the change from a decrease to an increase in the viscosity 
value takes place as the initial effect of illumination. After strong pre- 
illumination (Fig. 11, B and D) the sensitivity of the protoplasm has decreased. 
There is thus a shift into a range in which it reacts with an increase in vis- 
cosity as the initial effect of illumination. 

The next variation in the response — i.e., when the protoplasm once more 
responds with a decrease in viscosity — takes place at approximately the 
same time in the two series pre-illuminated with lower intensities. In this 
case, the value lies between 25 and 10 M.C. In protoplasm pre-illuminated 
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Fig. 18. Change in viscosity as a function of the intensity of illumination with varying 

intensities of pre-illumination. The curves show the viscosity of the protoplasm (ordinate) 

expressed as a percentage of the basic value at varying times in minutes (a) after the 

beginning of illumination with different intensities (abscissa). The intensity of pre-illumina- 

tion is shown at the top of the figure. The viscosity values given are mean values for the 
respective time intervals. 
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with 10,000 M.C., subsequent illumination with 0.5 M.C. still fails to bring 
about any shift to a decrease in viscosity. 

Thus, changes in the conditions of pre-illumination cause changes in the 
manner of reaction of the protoplasm. This is also shown by Fig. 18. In this 
figure (based on Fig. 16) the response of the protoplasm — an increase or 
a decrease in viscosity as a percentage of the basic value — to illumination 
of varying duration is expressed as a function of the intensity of illumination. 

The protoplasmic viscosity can be followed, within the same range of pre- 
illumination, for an increasing period after illumination following stabiliza- 
tion. (The curves in Fig. 18 should be compared from the top of the figure 
downwards.) It is then found that the entire curve is »lifted» as illumination 
continues. This implies that, within practically every range, the initial change 
in viscosity is succeeded on continued illumination by an increase. The value 
after five minutes’ illumination is the first recorded and shows the mini- 
mum value. This is succeeded by the ascending limb of.a fluctuation, of which 
the duration varies with different intensities of illumination. 

The viscosity may also be determined at the same interval after illumina- 
tions with varying intensities and a comparison made between protoplasm 
pre-illuminated with increasingly high intensities. (The curves in Fig. 18 
should be compared from left to right.) A similar »lift» in the course of the 
curve is found as in the foregoing. 

It may therefore be inferred that, if very strong illumination is used, a 
decrease in viscosity always results, even if the intensity of pre-illumination 
has been high. With weaker intensities, on the contrary, a decrease in the 
basic value is found only when the intensity of pre-illumination has been 
relatively low. In the case of strong illumination, the first effect is an in- 
crease in viscosity in some of the ranges which result in a decrease in the 
other pre-illumination series. This causes the forementioned »lift» in all 
the curves in the series. 

The main results of the forementioned experiments and discussion may 
be summed up as follows. On continuous illumination of protoplasm that 
has earlier been in darkness after pre-illumination, the initial change in vis- 
cosity depends on the intensity of light used. Within the ranges investigated, 
the strongest intensities gave rise to a decrease and weaker light to an in- 
crease, the weakest light once more causing a decrease. 

If the intensity of pre-illumination was increased, the protoplasm responded 
— after a stay in darkness — with an increase in viscosity on illumination 
with light that had earlier resulted in a decrease. In other words, the response 
of the protoplasm to this light was then weaker than with lower intensities 
of pre-illumination. This implies that strong pre-illumination decreases the 
sensitivity of the protoplasm to light. 


20 
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The extent of the ranges of light intensities causing similar initial reac- 
tions is also dependent on pre-illumination. I was unable to ascertain the 
cause of this relationship. 


VIII. The Minimum Intensity of Light Required to Induce a Change 
in Viscosity on Continuous Illumination: The Absolute Threshold 
Value of the Intensity 


1. Introduction 


In the first stages of the preliminary experiments to determine the effect 
of continuous illumination on protoplasmic viscosity, the series were spread 
over a fairly long period. (These experiments are not reported in the present 
study.) When some of the series were repeated at a later date, the results 
were found to differ, although the technique was identical in both cases. 

The sensitivity of the material had evidently changed despite uniform pre- 
treatment. As stated earlier, the daily fluctuations in the reaction of the proto- 
plasm can be eliminated by pre-treatment under uniform conditions. in the 
preliminary experiments, there was evidently a more firmly established dis- 
turbance. It was therefore necessary to make the experimental series in the 
shortest possible time. This was in order for the results to be an expression 
of a change in the protoplasm caused by varying intensities of illumination 
alone. Otherwise, they might have been dependent on a combined effect of 
light and of other changes (147) taking place simultaneously. The experi- 
ments described in the previous section were made during September and 
October. No appreciable variation in the response of the protoplasm was 
noted during this time. In any event, the control series showed the values 
to be in good agreement. 

The weakest intensity used for illumination was 0.5 M.C. This resulted 
in a definite change in viscosity, the magnitude and nature of the change being 
dependent on the intensity of pre-illumination. 


2. Experimental 


The plants were pre-illuminated with 450 M.C. for 4 days, followed by 
a 3-day period in darkness in order to obtain a constant basic value for the 
viscosity. The determinations of the threshold values were made in the fol- 
lowing months: April, June, August, September, October and November. 
There was little variation in the response of the different shoots. Therefore, 
once I had succeeded in ascertaining the correct value, control series with 
other plants — made immediately afterwards — showed the same values. 

Each shoot was divided into two parts, one of which remained in dark- 
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Table 2. Determination of the absolute threshold value for the intensity of light. Four hours’ 
illumination. Uniformly pre-treated protoplasm (450 M.C. for 4 days and stay in darkness 
3 days) illuminated with low intensities. Experiment performed during April. 
m ne nu Ee ee eee 
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Table 3. Determination of the absolute threshold value for the intensity of light. Experi- 


ment performed during June. Otherwise as in Table 2. 
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Table 4. Determination of the absolute threshold value for the intensity of light. Experi- 


ment performed during August. Otherwise as in Table 2. 
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ment performed during September. Otherwise as in Table 2. 
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Table 6. Determination of the absolute threshold value for the intensity of light. Experi- 
ment performed during October. Otherwise as in Table 2. 
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Table 7. Determination of the absolute threshold value for the intensity of light. Experi- 
ment performed during November. Otherwise as in Table 2. 
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ness as a control. The viscosity value for the leaves in this part was measured 
approximately every third time a determination was made on the illu- 
minated leaf. 

During illumination, the shoots lay in glass cuveites. In every other respect 
as well, the technique was the same as that described in the experiments with 
continuous illumination. The results are shown in Tables 2—7. 

It is seen from the tables that the response of the protoplasm varied appreci- 
ably during the different months. The sensitivity shows a maximum during 
the late autumn and a minimum during the summer. In all probability, these 
variations are due to the fluctuations in the intensity of light during the 
respective seasons, since the effect of an earlier light impulse persists for a 
long time in the plasmatic system (see IX). Other factors may, however, 
play a röle (147). 

The experiments with continuous illumination showed that the response 
of the protoplasm to light could be affected by illuminating it with different 
intensities before placing it in darkness. It is probable that this pre-illu- 
mination could be adapted in such a way as to counteract the seasonal varia- 
tions in sensitivity. 

The tables also show that, on illumination with intensities only slightly 
in excess of the threshold value for the sensitivity, the reaction of the proto- 
plasm is always in the nature of a decrease in viscosity. This is particularly 
evident in the table for June, when the threshold value lies around 1 M.C. 
Illumination with 2 M.C. resulted in an increase in viscosity as the initial 
effect. A decrease even to 1.5 M.C. caused the reaction to shift to a value 
below the basic value as the first effect. 


3. Discussion 


The experiments showed that the lower borderline for the sensitivity — 
i.e., the threshold value of the intensity of illumination — on continuous 
illumination of the protoplasm of Helodea lies below 0.001 M.C. This is when 
the protoplasm shows a maximal response. The threshold value obtained 
after four hours jis not, however, the absolute value, which should be referred 
to an infinite period of illumination (16). It may therefore be assumed that 
even considerably lower intensities of light than the forementioned would 
have affected the protoplasm had illumination been prolonged — cf. Blaauw 
(16). A further increase in the sensitivity of the protoplasm may also be 
induced by a longer stay in darkness prior to illumination (Fig. 12). 

Light-conditioned processes associated with changes in viscosity show great sen- 


sitivity to light. Thus, Voerkel (161) found that illumination of cells of Funaria 
with an intensity of 0.000004 cal./cm.?: min. short-wave light (approximately 
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1/3,500,000th of the intensity of sunlight) was sufficient to cause the chloroplasts 
to change from an apostrophic te an epistrophic position. 


The threshold value for phototropic reactions in the young sporangiopho- 
res of Phycomyces lies at about 0.000003 M.C. (26) and for the coleoptiles 
of Avena at about 0.00015 M.C. (16, 26) if these organs have been cultivated 
from the beginning in entire darkness. Exposure to light causes an im- 
mediate decrease in sensitivity. Thus, if the sporangiophores of Phycomyces 
are cultivated in a light corresponding to 1/512th of a M.C., their sensitivity 
is decreased approximately to one-fifteenth of that in darkness (155). This 
illustrates the importance of pre-illumination for the response of the proto- 
plasm to light. 

A comparison may be made between the forementioned threshold values 
for the phototropic reactions in the coleoptiles of Avena and those obtained 
in the experiments to determine the maximal sensitivity of the protoplasm 
of Helodea. They are found to be of the same order of magnitude. 

It is thus possible to establish that the threshold value of intensity for 
the response of the protoplasm of Helodea to light during the darkest time 
of the year is of the same order of magnitude as the threshold value for the 
phototropic reactions. 


IX. The After-Effects of Illumination 


1. Introduction 


The experiments with pre-illumination (V) showed that the effect of light 
on the protoplasm persists for a varying length of time after cessation of 
direct illumination. 


Similar experiences have been made with other light-induced processes of stimu- 
lation. In darkness, the rate of growth of phototropically sensitive organs is more 
or less constant, if the small periodic fluctuations, expressed as nutations, are 
excepted. A light impulse of short duration causes deviations in this even curve for 
the growth, its course becoming more or less undulating after illumination. The 
fluctuations continue in darkness, but become successively less marked and cease 
after a varying period. The time necessary for the curve to regain its normal 
appearance depends on the intensity and duration of illumination. Even then, the 
maximal sensitivity of the organ to a new light impulse is not fully restored; the 
effect of the earlier exposure persists for some time (155). 

Oort (120) was able to show that if the sporangiophores of Phycomyces were 
illuminated from four sides with 7 M.C. for 20 seconds, their maximal sensitivity 
to light was only restored after approximately a further 140 minutes. In this case, 
the curve for the growth had returned to its normal course after about 40 minutes. 
If illumination was repeated within 30 minutes ‘of the first exposure, no reaction 


occurred. 
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In the experiments reported in the following, the material consisted of 
shoots of Helodea pre-illuminated only, without a subsequent period in dark- 
ness, and of shoots pre-illuminated and then placed in the dark. In both 
cases the intensity of pre-illumination was 450 M.C. for four days. 

In the first case, the whole plant was illuminated in a cuvette, using the 
technique described on page 291. Determinations of the viscosity were made 
every 15 minutes for approximately five hours. 

In the latter case, the determinations were made during short periods up 
to one hour. The curves for the viscosity in this series were plotted by com- 
bining the values obtained with those found in the leaves illuminated with 
the technique described on page 299. 


2. Experiments with shoots pre-illuminated but not subsequently placed in 
the dark. —- Illumination of long duration 


When a Helodea shoot is placed in the dark, the natural fluctuations in 
the protoplasmic viscosity continue for about three days (IV). The viscosity 
value rises during this time and gradually approaches the constant basic 
value obtained after three days in darkness. This is usually somewhat higher 
than the mean value for the viscosity during the day under natural con- 
ditions. 

The first four hours in darkness have no marked effect on the course of 
the natural fluctuations. Two »viscosity waves» could be noted during this 
time (Fig. 19, A). If, before the period in darkness, the protoplasm was 
exposed to stronger intensity of light than earlier, the decrease in viscosity 
caused by this illumination persisted for some time after illumination had 
ceased (Fig. 19, B, C, D, E). In these experiments, the intensity was so high 
(30,000 M.C.) that the value for the viscosity fell to the lowest that could 
be recorded. with the technique used. 

A »retarded phase» can be noted in the viscosity curve — i.e., a marked 
decrease in viscosity after the end of illumination. In my opinion, this phase 
is characterized by a considerable decrease in the response to further sti- 
mulation. In other words, it is a refractory stage when the protoplasm can 
no longer respond as strongly as to the first stimulation. This is because 
a part of the labile system susceptible to stimulation has been broken down. 
Since the duration of the retarded phase is dependent on the duration of 
the previous stimulation (see Fig. 19 and the following) it must, in this case, 
be considered as relative — cf. Oort (120). 

It may be stressed that the foregoing statements with regard to the limita- 
tions of the method for determinations of values below a certain threshold 
value for the centrifugation time also apply to the retarded phase. 
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Fig. 19. After-effects of illumination of long duration. After 4 days’ continuous illumina- 
tion with an intensity of 450 M.C., the protoplasm was treated as follows: 


A: transferred immediately to darkness 
B: illuminated with 30000 M.C. for 1 hr., then transferred to darkness 


C: » » 30000 M.C. » 2 hrs, > » » » 
D: » » 30000 M.C. » 4 » » » » » 
E; » » 30000 M.C. » 9 » > > > » 


Period in darkness started at 0 (arrow). 
r=retarded phase. 
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If we accept the hypothesis that the retarded phase is a stage of relative 
refractoriness, the increase in viscosity gradually occurring in darkness is 
then considered as an indication of restored sensitivity. The appearance of 
the rise in the curve after the retarded phase should then vary according 
to the duration of pre-illumination. In a refractory stage, restoration is 
determined by the strength of the stimulus. The weaker the stimulation, the 
more rapidly does restoration take place (120). This holds good in the pre- 
sent experiments. The initial increase in viscosity in darkness became succes- 
sively smaller with a longer duration of pre-illumination. It is seen from 
Fig. 19 that, after illumination with 30,000 M.C. for nine hours, the viscosity 
started to rise after about 90 minutes. The increase was, however, slight 
and of short duration. If the same intensity was applied for one hour, the 
rise took place after 40 minutes and was considerable. It remained on the 
same high level for a few hours before it once more fell. There is thus every 
indication that a refractory phase actually sets in after illumination of high 
intensities. 

If the retarded phase is plotted against the logarithm of the duration of 
illumination, a straight line is obtained (Fig. 20). According to Tollenaar and 
Blaauw (155) there is a logarithmic correlation between the value for the 
sensitivity to light and the time elapsing between pre-illumination and sti- 
mulation (Phycomyces nitens). Since I was unable in the present experiments 
to obtain any numerical expression for the sensitivity of the protoplasm, it 
was unfortunately impossible to make any experiments fully comparable 
with those of Tollenaar and Blaauw. 

The forementioned correlation between the time of illumination and the 
retarded phase appears to indicate that we are dealing with a process of 
stimulation which follows the Weber-Fechner law — cf. Bünning (35) p. 290. 
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3. Experiments with uniformly pre-treated material. — Illumination of 
short duration 


In the following experiments, the material consisted of shoots of Helodea 
uniformly pre-treated. They were pre-illuminated with 450 M.C. for four 
days, followed by a 3-day period in darkness. The subsequent intensity of 
illumination was 22,000 M.C. in all the series. Between this illumination and 
centrifugation, the leaves were kept in darkness for varying periods. 

The curves for the viscosity may be regarded as a continuation of the 
curve obtained with 22,000 M.C. continuous illumination (Fig. 17 a). In the 
present experiments, illumination was interrupted after varying periods and 
the changes in viscosity measured during the subsequent stay in darkness. 
All these curves have therefore been completed with that part of the curve 
in the experiments with continuous illumination that corresponds to the illu- 
mination before the leaves were placed in the dark. This part of the curve is 
shown by a dotted line in Fig. 21. 

A light impulse lasting for the fraction of a minute (Fig. 21 a) caused an 
immediate change in the state of the protoplasm, the initial effect being a 
transient increase in viscosity. The value subsequently fluctuated in an undu- 
lating curve about the basic value. After about 25 minutes in the dark, the 
fluctuations ebbed out completely. 

A maximal decrease in viscosity with illumination of 22,000 M.C. was 
obtained after approximately 30 seconds (Fig. 21a). If illumination was 
interrupted after three seconds, the low viscosity value persisted for a few 
minutes in darkness. The lowest value was reached three minutes after the 
leaves were placed in the dark. This was succeeded by a rapid, very appreci- 
able increase, followed by undulating fluctuations similar to those described 
earlier. In this case as well, a constant value for the viscosity was reached 
after about 25 minutes in darkness. 

Figure 21 a — illumination for three seconds — shows that the appreciable 
increase in viscosity after illumination of short duration with a high intensity 
is presumably caused by a reaction with an opposite effect to that of light, 
i.e., an anti-reaction. This takes place in darkness during centrifugation. 
Thus, the increase is not due to the transfer from darkness to light. Had it 
been possible to measure the viscosity immediately after illumination, it is 
probable that no increase would have been found. Because centrifugation 
requires a considerable time, it is not possible to ascertain the true conditions 
with the method used in the present study. 
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Fig. 21a. After-effects of illumination of short duration. Uniformly pre-treated protoplasm 
(450 M.C. for 4 days and stay in darkness 3 days) was illuminated with an intensity ot 
22000 M.C. for periods varying between 1 second and 3 minutes. The viscosity was measured 
during the stay in darkness after illumination. The period in darkness started at 0 (arrow 
pointing away from the curve). ----- schematic representation of the viscosity curve obtained 
according to Fig. 17a (p. 300) on continuous illumination with an intensity of 22000 M.C. 


Thus, it is possible with illumination of short duration to distinguish both 
a »light-darkness reaction» and a »darkness-light reaction» in every instance. 
The latter is, however, increasingly diffuse with an increasing duration of 
illumination. This is due to the adaptive processes taking place in the proto- 


plasm and the occurrence of a refractory stage after strong stimulation, as 
shown in the foregoing. 
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Fig. 21b. Period of illumina- 
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If a coleoptile of Avena is suddenly transferred to darkness after being in the 
light, a growth reaction occurs that is of essentially the same nature as that fol- 
lowing sudden illumination — Sierp (141). It is therefore possible in this case to 
speak both of a »light growth reaction» and of a »darkness growth reaction». Vogt 
(162) on the other hand, was unable to note any effect that could be directly 
ascribed to the change from light to darkness. He found that a transfer from dark- 
ness to light, or from weak to stronger light, consistently gave rise to changes in 
the curve for the growth. This did not occur in his experiments with a change from 
strong to weaker light or from light to darkness. According to Sierp (141) such 
changes do not take place consistently in the last-mentioned case, although they 
could frequently be observed after numerous changes in the conditions of illu- 
mination. 


In my experiments, a further increase in the duration of illumination 
(Fig. 21b) resulted in a prolongation of the time before a constant value 
was reached in darkness. As mentioned earlier, the marked increase in vis- 
cosity found after illumination of short duration (1—3 seconds) became 
increasingly diffuse the longer illumination was prolonged. Thus, lengthy 
illumination caused fluctuations of relatively long duration, similar to those 
occurring under natural conditions. Illumination for a short time gave rise 
‚to fluctuations of short duration. 


4. Discussion 


It is evident from the experiments described in the foregoing and from 
those with pre-illumination (V) that the effect of a previous illumination 
continues to act for some time on the plasmatic system. 
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With weak light impulses or those of short duration, equilibrium is re- 
established relatively quickly (cf. Fig. 21a, showing the results after illu- 
mination for one second). When illumination is prolonged, the disturbance 
in the equilibrium of the protoplasm continues for an increasingly long 
time. Presumably, the effect of the stimulation persists even after the curve 
for the viscosity has become a straight line. If a comparison is made with 
the light growth reactions, it is found that the maximal sensitivity of an 
illuminated organ is not restored until a long time after the original rate 
of growth is re-established (120, 155). 

With light impulses of longer duration — for example, in the experi- 
ments with pre-illumination — the effect of this illumination on the proto- 
plasm is found to persist for several days. 

If the matter is considered from an ecological point of view it is found 
that, in the experiments with pre-illumination, even exposure to light of 
short duration affected the sensitivity for a long time afterwards. This affords 
further support to the earlier assumption (VIII) that the variations in the 
sensitivity of the material found during different seasons are caused by 
variations in the intensity of daylight. Light is thus presumably the factor 
that has the greatest effect on the state of equilibrium in the protoplasm. 

The following conclusions may therefore be drawn. The changes in proto- 
plasmic viscosity induced by light impulses recede relatively soon after the 
cessation of illumination. Their effect nevertheless persists for a considerably 
longer time than that required for the protoplasmic viscosity to regain a 
constant value. Thus, stimulation by light is accompanied by after-effects 
of long duration. Presumably, they can only be entirely overcome after an 
extremely long period under uniform conditions. 


X. The Course of the Changes in Protoplasmic Viscosity 


A common feature of all the curves for the changes in viscosity after illu- 
mination is their undulating course. 

In my opinion, these fluctuations are caused by two factors. One is the 
primary change in the protoplasm caused by light. The other is the anti- 
reactions that immediately set in. The fluctuations may thus be the result of 
various processes with antagonistic effects — cf. Stälfelt (149). An anti- 
reaction strives to restore the state of equilibrium disturbed by stimulation. 
Because of some kind of torpidity in the system, this does not cease when 
equilibrium is restored, but continues beyond it. This precipitates a new 
anti-reaction with an opposite effect to the first. In this way, a sequence of 
reactions will give rise to fluctuations about a mean value. Provided that the 
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Fig. 22. Effect of two consecutive light impulses. Uniformly pre-treated protoplasm 
(450 M.C. for 4 days and stay in darkness 3 days) was illuminated with an intensity of 
22000 M.C. for 12 seconds. 

A: changes in viscosity after one light impulse. 
B: exposure to a new light impulse when the viscosity value had started to increase after 


the first stimulation. 
C: ‘exposure to a new light impulse when the viscosity value was low after the first sti- 


mulation. 


protoplasm is not exposed to further stimulation, they become successively 
less marked and the constant basic value is gradually reached. 

That the fluctuations in viscosity are the result of simultaneously occurring 
reactions affecting the protoplasmic viscosity is shown by the experiments 
recorded in Fig. 22. Protoplasm of which the viscosity had been stabilized 
was illuminated with 22,000 M.C. for 12 seconds. There was an immediate 
decrease to low values, shortly succeeded by a rise, i.e., an anti-reaction (Fig. 
22, A). When no further illumination was applied, the maximal effect took 
place after 30 minutes. This precipitated a new anti-reaction, the viscosity 
once more decreasing. This occurred several times. 
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It is, however, possible to induce a decrease in viscosity, of the same nature 
as that following the first increase, by means of a new light impulse — 
provided that this is applied when the viscosity value is on a high level 
(Fig. 22, B). The viscosity-decreasing reaction — i.e., the anti-reaction — may 
thus be replaced by a new light impulse. The new decrease in viscosity gives 
rise to new anti-reactions and the equilibrium of the system is only restored 
after further fluctuations. 

The protoplasm may instead be re-illuminated when the viscosity value 
is low, i.e., when the viscosity-decreasing anti-reaction predominates. This 
results in a prolongation of the phase with low viscosity (Fig. 22, C). The 
viscosity-decreasing anti-reaction can be added to the primary effect of illu- 
mination. 

Similar additive effects were found by Bottelier (20, p. 545) on a study 
of the effect of light on the rate of protoplasmic streaming in the coleoptiles 
of Avena. It is, however, difficult to compare the two processes. This is be- 
cause, in his experiments, Bottelier (20) used intensities of light whose first 
effect was a decrease in the rate of protoplasmic streaming. He assumed the 
existence of a correlation between the viscosity and protoplasmic streaming. 
Such a correlation appears to exist under certain conditions (158). High vis- 
cosity is accompanied by slow streaming and vice versa. 

It is probable that the primary effect in the action of light on the rate of 
protoplasmic streaming is dependent on the intensity to the same extent as 
the changes in the viscosity have been found to be. In his experiments, Bot- 
telier (20) mainly used intensities of light that always cause an increase in 
the viscosity value in Helodea. The maximal changes both in the viscosity 
and in the rate of protoplasmic streaming can be observed 3—5 minutes 
after a light impulse of short duration. Thus, a correlation between the two 
phenomena also appears to exist with regard to the rate of onset of the 
reaction. Bottelier (20) found that the effect of repeated illumination became 
increasingly strong with a prolongation of the time elapsing between the two 
light impulses. It is seen in Fig. 22 that the same conditions presumably 
apply to the decrease in viscosity after the second illumination, since it is 
less than after the first. Thus, a decrease in the sensitivity of the proto- 
plasm has taken place. 


XI. The Natural 24-Hour Fluctuations in the Protoplasmic Visco- 
sity Against the Background of the Results Reported in VII, IX and X 


The results of the series with uniformly treated protoplasm — i.e., pre- 
illuminated and then placed in darkness — and of the experiments on the 
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changes in the protoplasm in darkness after pre-illumination afford a pos- 
sibility of interpreting the course of the 24-hour curve shown in Fig. 8. 

The curve, resulting from an experiment made during September, shows 
a distinct 24-hour rhythm. The viscosity is consistently higher in darkness 
than in daylight. In addition to this large fluctuation in the viscosity values, 
fluctuations of shorter duration are also seen. They occur irregularly and 
vary in amplitude. 

The variations in the incidence and size of the fluctuations give the im- 
pression that they are due to at least two simultaneous reactions affecting 
the viscosity. 

If uniformly treated protoplasm was illuminated very briefly, the viscosity 
curve showed undulating fluctuations after the initial reaction (cf. Fig. 21). 

During continuous illumination — as with illumination of short duration 
— the course of the viscosity curve will be determined by the combined action 
of the primary effect and the anti-reaction (see X). It will also be affected 
by the changes in sensitivity brought about by pre-illumination. 

Under natural conditions, the 24-hour curve for the viscosity is determined 
by light. It will therefore be composed of a number of partial reactions, of 
which the most important are the primary effects, the anti-reactions and the 
changes of longer duration caused by light. The last-mentioned are of the 
same nature as those that have been found after pre-illumination. 

In my experiments, there was a pronounced minimum in the viscosity 
curve in the middle of the day, when the light is strongest. This low value 
is, in my opinion, due to a decrease in the viscosity of the same nature as 
that occurring immediately uniformly treated protoplasm is exposed to 
strong light. Two pronounced maxima can be observed; one at dawn and 
another at dusk. I consider that these increases in viscosity are caused in the 
same way as the appreciable increase obtained on continuous illumination 
of uniformly treated protoplasm with light of weak or medium intensity. 
Finally, two less pronounced minima are found during the night, one at 
8 p.m. and another at 12 p.m. It is difficult to determine whether they are 
due to anti-reactions after the earlier increase or to the decrease obtained 
on illumination with very weak light. However, the viscosity continues to 
fluctuate during the first day in complete darkness (Fig. 10). The only 
regularity in these variations is their gradual ebbing out. This shows that 
they are in the nature of anti-reactions. 

In my opinion, the small fluctuations occurring throughout the 24 hours 
are caused by similar anti-reactions in the plasmatic system. During days of 
intermittent cloudiness, continuous, hourly variations in light will cause the 
transient fluctuations to be entirely irregular. 

It is presumably impossible to differentiate between the antagonistic reac- 
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tions. The course of the curve will therefore become increasingly difficult to 
interpret with a prolongation of the time elapsing since the beginning of 
stimulation, since the various reactions interfere with each other. The natural 
fluctuations in the viscosity will, however, follow on broad lines the changes 
in the daylight as described in the foregoing. 


XII. The Validity of the Product Law in Changes in the 
Protoplasmic Viscosity Caused by Light 


1. Introduction 


Fröschel (50, 51) and Blaauw (16) found that the effect of light in photo- 
tropism is determined by the quantity of light, i.e., the product of the intensity 
of illumination and of its duration. They also noted that, within certain 
limits, a change in these two factors played little röle in the course of the 
reaction. The correlation between the quantity of the stimulus and the reac- 
tions also holds good for geotropism (130). 


Later studies on the phototropic curvature of the sporangiophores of Phycomyces 
and of the coleoptiles of Avena have nevertheless shown that the product law is 
not unrestrictedly valid for phototropic reactions. 

According to Arisz (4), negative phototropic curvature always occurs in the cole- 
optiles of Avena with the same quantities of light, irrespective of the intensity and 
the time factor. Clark (37) and Burchhardt (27) and others found, however, that 
the quantity of light required to induce negative phototropism was greatly depen- 
dent on its intensity. 

Blaauw (16) found the threshold value for the phototropic reaction in the coleoptile 
of Avena to lie at about 20 M.C.S. (meter-candle seconds). This applied even when 
there was a considerable variation in the duration (from 1/1000th of a second to 
43 hours) and the intensity (from 26520 to 0.00017 M.C.) of illumination. 

In other cases (Phycomyces: 26, 119) the deviations from the product law were 
considerable. With an illumination time of 10 seconds, 0.013 M.C. was required to 
elicit phototropic curvature, the corresponding figure with illumination for 2000 
seconds being 0.000625 M.C. (26). In the first instance, the product of the intensity 
of illumination and of its duration will be 0.13 M.C.S. and in the second instance 
1.25 M.C.S. This shows that, with an increase in the duration of illumination, a 
response is only elicited by a greater quantity of light than that required according 
to the terms of the product law. Similar results were obtained with the coleoptiles 
of Avena. They thus conflict with the statements of Blaauw (16). 

It is therefore doubtful whether the product law is valid for other than limited 
regions of intensity. The course of the reactions in the coleoptile of Avena is com- 
plicated. It consists of alternating positive and negative curvatures which, in turn, 
are composed of responses in the apex and the base respectively (42). The apex 
and the base often vary in their response to the same quantity of light, since the 
intensity is presumably decisive for the course of the reaction. It has therefore 
proved difficult to obtain similar courses for the phototropic curvatures with dif- 
ferent intensities of light, even if the quantity of the stimulus was the same. 
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Strict conformity of the responses to the product law can only be found 
if no adaptation of the material has taken place. This is because a decrease 
in sensitivity occurs after illumination for some time. The anti-reactions also 
change the sensitivity of the material. Thus, the light-induced response will 
be affected by anti-reactions whose magnitude will to some extent be deter- 
mined by the duration of illumination (cf. IX). The time factor together with 
the quantity of light will determine the course of the reaction. Processes of 
adaptation are often noted in connexion with stimulation — cf. Lundegärdh 
(94). It can therefore scarcely be anticipated that the product law will apply 
except in such limited cases in which the duration of illumination and the 
reaction time, respectively, are so short that no marked process of adap- 
tation has had time to set in. 

Thus, a closer analysis shows that the product Jaw does not apply to the 
final stages of the complicated processes resulting in phototropic curvatures. 
I therefore considered it interesting to investigate the conditions in the light- 
induced changes in the protoplasm reported in the present study. I have 
not found it possible to ascertain whether these reactions have any rela- 
tionship to the primary reactions in the phototropic processes, but many 
facts point in this direction (cf. XV). However, even a very cursory study of 
the viscosity curves hitherto shown reveals that the product law cannot 
have unrestricted validity in these reactions. This is apparent from the fol- 
lowing. 

In the experiments on the changes in viscosity during continuous, constant 
illumination, the initial effect was found to be a decrease in the value within 
the 22,000—2200 M.C. range. Therefore, if the protoplasm is illuminated with 
— for example — 3200 M.C. for 4 minutes (Fig. 17 a), the viscosity decreases 
to the relative figure of 2. The product of the intensity and the duration will, 
in this case, be equal to 12,800 M.C.S. If the protoplasm is illuminated with, 
for instance, 1500 M.C., it will never be possible to obtain a decrease in the 
viscosity value. This is because, if the same quantity of light is used as in 
the first example, the duration of illumination must be 8.5 minutes. But, an 
appreciable increase in viscosity is found after this time. This implies the 
following. The product law — interpreted as the same response being elicited 
by the same quantity of light — can only be valid for intensity regions 
characterized by the same initial effect (increase or decrease) on the vis- 
cosity on illumination of uniformly treated material. 

The experiments on the validity of the product law described in the fol- 
lowing were performed with strong intensities of light causing a decrease in 
viscosity as the initial effect. 

I was unable to find any conformity in the presentation time on illu- 
mination with weaker intensities. 


324 HEMMING I. VIRGIN 


2. Method and experiments 


The material in all the series was uniformly treated (pre-illumination with 
450 M.C. for 4 days, followed by 3 days in darkness). The leaves were placed 
in the centrifuge tubes during the subsequent illumination. Illumination times 
of less than one second were obtained by placing a curtain shutter between 
the object and the source of light. The shortest time that could be obtained 
in this way was 1/500th of a second. 

In these experiments, the quantity of light required to change the even 
course of the viscosity curve almost imperceptibly was determined. This value 
is the threshold value for the quantity of light required to produce a response. 

A number of preliminary experiments were made to ascertain the approxi- 
mate magnitude of the threshold value. The technique was the same as 
that in the experiments on the after-effects of illumination of short duration 
(IX). Figs. 23 a and b show the changes in viscosity after such illumination. 

As shown earlier (Fig. 21 a) illumination of short duration may, in some 
cases, cause a rapid, transient increase in viscosity. The increase may persist 
for several minutes (Fig. 21a) or recede very rapidly (Fig. 17a). In the 
present series it was not, however, possible to demonstrate any such primary 
effect of light. In every instance the protoplasm responded with a decrease 
in viscosity to illumination of high intensity. I have been unable to ascertain 
why, in some cases, this transient increase in the viscosity occurs before 
the decrease, whereas in others there is a decrease only, although the material 
is exposed to the same external factors. 

Illumination with the highest intensity (22,000 M.C.) for 1/500th of a 
second (Fig. 23a) gives a quantity of light of 44 M.C.S., which elicits a 
strong reaction. If the intensity was reduced to one-half (11,000 M.C.) the 
threshold value was still exceeded with illumination of 1/500th of a second. 
In order to reach quantities of light in the vicinity of the threshold value, 
the intensity must be reduced to 1250 M.C. (Fig. 23 b). With this intensity, 
illumination for 1/200th of a second resulted in a very slight fluctuation in 
the viscosity curve, whereas illumination with the same intensity for 1/500th 
of a second had no effect. Thus, in this case the threshold value is in the 
vicinity of 6 M.C.S. 

The series with illumination of short duration described in the foregoing 
were carried out in the autumn of 1948. Unfortunately, I had insufficient 
material at my disposal to complete the experiments. I therefore discontinued 
them during the winter, when the material is unsuitable for such deter- 
minations, and resumed them at the end of April. 

It soon became evident (Fig. 24) that — despite identical pre-treatment 
after removal from the place of cultivation — the response of the proto- 
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Fig. 23 a. Determination of the threshold value for the quantity of light required to cause 

a change in viscosity. (Experiments made during the autumn.) Uniformly pre-treated proto- 

plasm (450 M.C. for 4 days and stay in darkness 3 days) was illuminated with an intensity 

of 22000 and 11000 M.C., respectively, for periods varying between 1/25th and 1/500th of a 
second. The viscosity was measured in darkness after illumination. 


plasm to light differed appreciably from that in the late autumn. Illu- 
mination of high intensity (22,000 M.C.) for the fraction of a second 
(1/25th—1/500th) had no effect, whereas in the autumn it elicited a strong 
response. In the former case, the threshold value for stimulation was around 
60,000 M.C.S. 

With four hours’ illumination, the ratio of the threshold value for the 
intensity eliciting a response in the protoplasm during the spring to that 
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Fig. 23b. Intensity of illumination 5000 M.C. and 1250 M.C. Otherwise as in Fig. 23a. 


during the autumn was approximately 1 : 1000 (VIII). As stated previously, 
a considerably greater variation was found in the sensitivity to a light impulse 
of short duration — i.e., the threshold value for the minimum quantity of 
light — with high intensities. The respective values were then 60,000 and 
6 M.C.S. 

If the results of a study of the applicability of the product law are to be 
reliable, the specimens must be homogeneous and no variations must occur in 
the sensitivity of the protoplasm during the experiments. They must there- 
fore be made in as short a time as possible, in order to obviate changes 
caused by adaptive processes. 
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Fig. 24. Determination of the threshold value for the quantity of light required to cause 

a change in viscosity. (Experiments made during the spring.) Uniformly pre-treated proto- 

plasm (450 M.C. for 4 days and stay in darkness 3 days) was illuminated with intensities of 

22000 and 6000 M.C., respectively, for periods varying between 20 and 0.5 seconds. The 
viscosity was determined in darkness after illumination. 


In the experiments reported hitherto, the threshold values were obtained 
by following the changes in viscosity after the beginning of illumination. 
I soon found this method to be unsuitable for such determinations. The 
individual series took too long to permit a sufficient number to be performed 
before changes occurred in the sensitivity of the protoplasm. Moreover, too 
many leaves were needed; one shoot sufficed for scarcely more than two 
determinations. A simplification of the technique was therefore necessary. 

Figs. 23 and 24 show that the maximal decrease in viscosity was reached 
three minutes after the beginning of illumination with strong light, if the 
duration was up to about 10 seconds. This period was the reaction time for the 
maximal effect of illumination. Therefore, in order to ascertain whether a 
change in viscosity has taken place after illumination, it suffices to determine 
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the viscosity three minutes after the beginning of illumination and to compare 
this value with the basic value. This simplification permits a considerably 
larger number of determinations than if the total changes in the viscosity 
are followed. Moreover, several determinations can be made on leaves from 
the same shoot, thus reducing the variations in the sensitivity of the speci- 
mens to a minimum. I therefore used this technique in the experiments 
reported in the following. I only wished to ascertain whether or not changes 
in the viscosity had occurred after illumination. It was therefore unnecessary 
to determine the exact viscosity value expressed as the centrifugation time. 
For this reason, two out of the four tubes in the centrifuge contained un- 
illuminated leaves and the other two illuminated leaves, thus making changes 
in the speed of centrifugation immaterial. If illumination has had any effect 
on the state of the protoplasm, this will usually be apparent after three 
minutes’ centrifugation. In the unilluminated leaves, only the cells nearest 
to the base — where they have been broken off — have been affected after 
this time. In the illuminated leaves, the contents of the cells at the apex 
have become displaced if the quantity of light has exceeded the threshold 
value. With the speed of centrifugation used (3200 r.p.m.) the basic viscosity 
value was approximately 8 minutes. 

In the first series the leaves were centrifuged for three minutes. Because a 
possible increase in viscosity cannot be observed after so short a time, it 
was increased to four minutes. After this time, approximately 25 per cent 
of the cells — in addition to the basal cells — of the unilluminated leaves 


Table 8. Determination of the threshold value for the quantity of light on illumination with 
high intensities. An example of one determination. Time of centrifuging =3 min. Interval 
between illumination and centrifugation —3 min. 
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Threshold value= 60,000 M.C.S. 
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Table 9. Summary of the experiments on the validity of the product law. 
ee ee FE 


3 a Intensity X Duration = 
n : ime of illu- A Threshold value for 
FapepnieRE no. mination. Sec. Intensity. M, C. obtaining a change in 
viscosity. M. C. S. 
2h 2 30 000 60 000 
> 5 15 000 75 000 
» 9 7 500 67 500 
5h 10 7 500 75 000 
» 24 3 750 90 000 
» 60 1 875 112 500 
10h 2 31 000 62 000 
> 3 27 000 81 000 | 
» 3 21 000 63 000 
11h 3 21 000 63 000 
» 3 16 700 50 100 
» 4 12 700 50 800 
13h 5 12 700 63 500 
> 11 9 100 100 100 
» 50 2 900 145 000 


have been affected. It is therefore possible to note any increase in the vis- 
cosity of the illuminated cells in comparison to those unilluminated. 

The highest intensity of light was 30,000 M.C. The quantity of light 
required to cause an almost imperceptible effect on the protoplasm was 
determined in each series. About 10 determinations were necessary for each 
intensity in order to establish this threshold value. An example of one deter- 
mination of the threshold value is given in Table 8. 

The degree to which the cell contents were displaced after centrifugation 
was. expressed as a percentage of the whole surface of the leaf, according 
to a 5-grade scale: 1 equals 1—10 per cent, 2 equals 10—25 per cent, 3 equals 
25—50 per cent, 4 equals 50—90 per cent and 5 equals 100 per cent. 

In the majority of cases determinations were made after three minutes. 
As a check, a few specimens were examined immediately after illumination. 

In the columns headed »Degree of displacement», each figure denotes the 
value for one leaf. 

A summary of the determinations of the threshold values is given in 


Table 9. 


3. Conclusions 


It may be inferred from the tables that if the presentation time is short 
—- maximum approximately 10 seconds — the product law has an approxi- 
mative validity for these reactions of the protoplasm. The corresponding 
time for the growth reactions in the coleoptile of Avena is 24 minutes (80). 
If the intensity is decreased, so that a longer time of illumination is required 
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to elicit a response, the deviations will be successively larger. When intensities 
causing a different initial reaction are used, the product law is no longer 
applicable. Even in similar regions of intensity, the time factor must be 
taken into account. This implies that a low intensity must be combined with 
a presentation time that — according to the terms of the product law — is 
longer than in the case of a high intensity. 

The following conclusions may be drawn: 

1. The threshold value for the quantity of light required to cause a change 
in the viscosity of Helodea — of which the protoplasm is highly sensitive — 
is of the same order of magnitude as that found to apply to the phototropic 
phenomena when high intensities are used. 

2. The product law is only valid when illumination is of short duration 
(with a high intensity of light). 

3. The product law in the strict sense, i.e., the product of the intensity 
of illumination and of its duration — is only valid for limited regions of 
intensity. The initial reaction — an increase or decrease in viscosity — is 
therefore determined by the intensity and not by the quantity of light. 


XII. The Effect of Light on the Individual Cell 


1. Introduction 


Lepeschkin (88) covered a Helodea leaf with thin tinfoil, with the excep- 
tion of a narrow strip, and immersed it in a solution of methylene blue after 
illumination. He found a sharply demarcated line, corresponding to the illu- 
minated area, that was more strongly stained than the remainder of the 
leaf. He interpreted this difference in stainability as a result of an increase 
in the permeability of the Helodea protoplasm to methylene blue after illu- 
mination. The results of his experiments are not entirely unequivocal, since 
processes of reduction may also affect the colorization (90). They nevertheless 
show that light has a local effect on the cells. 


On irradiation of partially screened epidermal sections of Allium cepa with ultra- 
violet light, Biebl (15) found similar, sharply defined differences in permeability 
in the illuminated and unilluminated parts. The illuminated cells showed more 
rapid deplasmolysis and more rapid displacement of the cell contents on centri- 
fugation. Biebl (15) illuminated his objects for such long periods — in the plasmo- 
lysis experiments for over three days —- that it is scarcely possible to compare his 
experiments with those of Lepeschkin (88). However, the sharp borderline between 
the illuminated and unilluminated parts of the tissue was noted in both cases. Voer- 
kel (161, p. 180) reported a similar, strongly localized effect of light following illu- 
mination of Funaria leaves. 
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On the basis of the forementioned studies, I made experiments to determine 
the possible correlation between light-induced changes in viscosity and those 
changes in permeability in the protoplasm of Helodea observed by Lepesch- 
kin (88). 

2. Experimental 


It was desirable, on exposure to light, for the difference between the illu- 
minated and the unilluminated areas to be as distinct as possible. I found 
that a high basic viscosity value was the most suitable for this purpose. I 
therefore used Helodea leaves that had stood in weak light (50 M.C.) for 
three days after removal from the ponds. Their protoplasmic viscosity had 
then increased to approximately 10 minutes’ centrifugation time at a speed 
of 3200 r.p.m. Because the leaves had been in the light, the value did not 
remain constant; 10 minutes must be considered as a mean value. During 
the fluctuations, the value seldom fell below 7 minutes’ centrifugation time. 

Each leaf to be studied was inserted between two slides, covered with a 
thin layer of tinfoil on the sides facing the leaf. An aperture approximately 
0.5 millimeters wide was cut in the tinfoil covering one of the slides. The 
leaf was placed so that it was at right angles to this aperture. A few splin- 
ters of cover-glass were inserted between the slides to avoid any pressure 
on the leaf. The slides were held together with clamps. On illumination, the 
glass was placed in such a way that light only reached the leaf through the 
aperture. In these experiments, the intensity of light was 22,000 M.C. and 
the duration two minutes. 

After illumination, the leaf was transferred rapidly to a centrifuge tube 
filled with culture medium and centrifuged for three minutes. 


3. Results 


On centrifugation of leaves partially illuminated as described in the fore- 
going, the cell contents of the illuminated area were entirely displaced. Those 
in the other parts of the leaf, that had remained in darkness, were unaffected 
(Fig. 25). Thus, with regard to the site and distribution, there was complete 
agreement between the changes in permeability shown by Lepeschkin (88) 
and the decrease in protoplasmic viscosity caused simultaneously by light. 

‘Lepeschkin (88) exposed his material to direct sunlight and could show 
an increase in permeability only after two hours’ illumination. This was 
because it takes a certain time for the dye-stuff to penetrate into the proto- 
plasm. In the present case, it was only necessary to expose the leaf to a 
light impulse of short duration (see XII) to bring about demonstrable changes 
in viscosity, provided that the intensity of illumination was high (22,000 M.C.). 

If care was taken to ensure that the leaf was closely approximated to 
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Fig. 25. A leaf of Helodea which had been illumi- 
nated through a small aperture in a piece of tinfoil 
and then centrifuged. 


the edges of the tinfoil and that these were cut evenly, some of the cells in 
the borderline between the illuminated and unilluminated areas were partly 
illuminated. Jt was found that, after centrifugation, only those chloroplasts 
had been displaced that had lain in the protoplasm exposed to light. (Figs. 
26 and 27.) Thus, if a Helodea leaf with a high viscosity value was partially 
illuminated, a sharp borderline was found, after centrifugation, between the 
illuminated and unilluminated areas. This line ran straight across the cells, 
irrespective of the cell walls. 

In this light-induced reaction, the site of the perception of the stimulus 
and of the reaction is evidently the same. The effect of light is entirely 
localized. It is therefore possible to obtain different responses in different 
parts of the same cell, according to their exposure to various kinds of sti- 
mulation. No stimulus appears to be transmitted from the illuminated part 
of the protoplasm to the adjacent areas — cf. (88). The phenomenon differs 
in this way from the phototropic reactions. In the latter, it is often possible to 
note different areas for the site of perception and for the effects of stimula- 
tion, although it has also been possible to note local changes in the proto- 
plasm in the illuminated cells (see further XV). 

Illumination of unicellular, phototropically sensitive organs such as the sporangio- 
phores of Phycomyces has revealed some parts of the organ to be more responsive 
to light than others. This is due to an uneven distribution of the substance absorbing 


the energy of light (34). It has not been established whether any transmission of 
the stimulus takes place within the cell. 


In the experiments with individual cells described in the foregoing, the 
intensity of light caused an immediate decrease in viscosity. Because the 
reaction took place so rapidly that no protoplasmic streaming had set in, 
sharp borderlines were visible between the illuminated and the unilluminated 
areas. 

Leaves with a low basic value for the viscosity may be illuminated in the 
same way, but with intensities of light causing an increase in viscosity as the 
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Fig. 26. Some centrifuged cells of a Helodea leaf of which part had been illuminated. 
Centrifugation in direction +. The illuminated area is seen to the left of the vertical arrows. 


initial effect. A borderline between the illuminated and unilluminated areas 
is still found. The conditions after centrifugation will, however, be the 
reverse to those in the previous experiments. The illuminated cells are more 
or less unaffected by centrifugation, whereas the contents of the unilluminated 
cells have been entirely displaced. Nor is the borderline between the two areas 
as sharp as in the previous case. This is because there has been time for 
protoplasmic streaming to start and thus to disturb the cell contents. 

The centrifugation of cells partially illuminated according to the fore- 
mentioned technique permits a more detailed study than hitherto of the 
course of displacement of the cell contents. This is evident from the pictures 
obtained after centrifugation of cells in various directions. 

When the leaf was centrifuged so that the cell contents were displaced 
towards the illuminated part of the cell, the results were those shown in 
Fig. 26. The effects of centrifugal force in the opposite direction are given 
in: Fig:,27. 

It is seen from the latter figure that the viscous cytoplasm still adhered to 
the sides of the unilluminated part of the cell. The cytoplasm that had be- 
come less viscous as a result of illumination had flowed down to the centri- 
fugal end, beside the more viscous cytoplasm. It can be seen distinctly in 
Fig. 27 b how the cytoplasm is displaced so that the plastids have assembled 
approximately at the borderline between the illuminated and unilluminated 
areas. Initially, the displacement of the illuminated cytoplasm was hindered 
in its course by the more viscous, unilluminated part. It is nevertheless evi- 
dent from the figure that part of the cytoplasm affected by light has started 
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Fig. 27. Same as in Fig. 26. Centrifugation in direction >. 


to flow along the undermost side of the cell. It is also possible to discern — 
in addition to the chloroplasts — strands of cytoplasm, presumably originat- 
ing in the nucleus, which is seen in the centre of the figure, under a cluster 
of chloroplasts. 

Fig. 26 shows the conditions when the cell, after illumination, is centri- 
fuged so that the cell contents are displaced in the opposite direction to the 
most viscous part of the cytoplasm. The illuminated cytoplasm suddenly 
ceases to adhere to the remaining part and flows fairly rapidly to the centri- 
fugal end of the cell, where it assembles in a clump. The course can be 
followed in a microscope-centrifuge. It is then possible to see how the cyto- 
plasm is stretched before displacement suddenly starts. The same pheno- 
menon takes place with centrifugation in the opposite direction, but is less 
marked. The elastic properties of the protoplasm are, however, strikingly 
evident in both cases. 

The foregoing description of the course of events on centrifugation of 
illuminated Helodea cells shows that the most essential feature is displace- 
ment of the cytoplasm. Displacement of the individual chloroplasts is of 
minor importance and presumably only occurs if the protoplasm is of very 
low viscosity. Thus, the conditions on centrifugation of plant cells differ 
appreciably from those on similar treatment of animal cells. The latter consist 


mainly of cytoplasm and only in exceptional cases contain vacuoles of any 
appreciable size — cf. Heilbrunn (69, p. 68). 
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4. Effect of illumination on the movement of the chloroplasts 


The chloroplasts of a cell are always embedded in the cytoplasm. Their 
distribution is therefore determined by the position of the cytoplasm. In the 
majority of plant cells, they are localized to the outermost parts of the cyto- 
plasmic layer of the cell. In such cases, they do not participate in any proto- 
plasmic streaming, which only affects the innermost layer of the cytoplasm. 
This distribution of the chloroplasts is found in the majority of terrestrial 
plants. It is more unusual to find conditions such as in Helodea and other 
aquatic plants, i.e., with the chloroplasts in the innermost layer of the 
protoplasm which, under some conditions, moves rapidly — Schiirhoff (136). 


It has long been known that the chloroplasts may change their position in the 
cell (140). They may assume certain characteristic positions under the influence 
of light, temperature, chemicals or other agents (136, p. 87). In some cases, they 
remain at this site as long as the external stimulation is constant. If they assemble 
in a clump around the nucleus, i.e., in the systrophic position, they do not remain 
at this site, even if the external conditions are constant (145). 

In diffuse and relatively weak light, the chloroplasts in the cells of Helodea are 
evenly distributed along the free parts of the cell walls, adjacent to the surrounding 
medium, i.e., in the epistrophic position. They do not participate in the frequently 
lively protoplasmic streaming which may also occur in the innermost parts of 
the cytoplasm, when the chloroplasts occupy this position. In such cases, the 
protoplasmic viscosity, measured with the centrifuge method, may be fairly high. 
The chloroplasts are embedded in viscous protoplasm, lying outside the less viscous 
layers which are in movement. 


It is not, however, possible to draw any conclusions regarding the state 
of the viscosity on the sole basis of the position of the chloroplasts. According 
to Voerkel (161), who studied the relationship between the position of the 
chloroplasts and the state of viscosity in the cells of Funaria, a certain posi- 
tion of the chloroplasts is always reflected in a certain state of viscosity. 
This does not, however, apply unreservedly to Helodea. 

As stated earlier, strong illumination of Helodea cells with chloroplasts in 
the epistrophic position and high protoplasmic viscosity results in a decrease 
in viscosity. This decrease is instantaneous and reaches a maximum within 
about one minute. Microscopic examination after this time nevertheless fails 
to reveal any visible effects of light. The chloroplasts are still in the epistro- 
phic position. Thus, ‘the position of the chloroplasts is not always an indica- 
tion of the condition of the protoplasm. 

If the illuminated cell is not centrifuged but is kept in darkness, the chloro- 
plasts gradually change position. Epistrophy is slowly succeeded by apostro- 
phy, i.e., the chloroplasts are distributed along the walls facing the lateral 
walls of the adjacent cells in the same cellular layer — Schiirhoff (136, p. 87). 
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They begin passively to follow cyclosis. It is not easy to determine whether 
the first movement of the chloroplasts is active or passive, since illumination 
fairly soon results in protoplasmic streaming, which disturbs the position 
of the chloroplasts (see also the following). 

Examination, after partial illumination, of a leaf with the chloroplasts in 
the epistrophic position shows this displacement of the chloroplasts as a 
sharp dividing line across the leaf. The same picture is found as after im- 
mediate centrifugation of the partially illuminated surface of a leaf. If a 
microscopic analysis is made of the cells in the borderline between the illu- 
minated and unilluminated areas, the effect of light is found — in this case 
as well — to be strictly localized. Owing to the lively protoplasmic streaming 
in the illuminated cells, the borderline is not as distinct as when the leaf 
is centrifuged immediately after exposure to light. It is nevertheless possible 
to note that no marked transmission of stimulation has occurred. 

It is thus possible to distinguish two stages in the effect of stimulation 
when a Helodea leaf is illuminated: 

1. An immediate effect on the protuplasm in the form of a decrease in 
viscosity and an increase in the permeability of the plasmatic membrane. 

2. The later occurrence of a displacement of the chloroplasts as a result 
of the photic effect. 

It has been questioned whether the chloroplasts move independently or 
whether their assumption of different positions is caused by protoplasmic 
streaming. No final solution of the problem has as yet been reached. 


Senn (140), whose work on the changes in the state and position of plant chro- 
matephores is still the most thorough in this field, assumed the existence of in- 
dependent movement transmitted by communication between the individual chloro- 
plasts. Linsbauer and Abranowicz (92) ascribed the changes in the position to a 
passive displacement transmitted by movement of differentiated areas of the 
protoplasm. 

An account is given in a number of investigations — see Voerkel (161) — of 
plasmatic communications of various kinds between the individual chloroplasts, 
considered to play a röle in their displacement. No proof of such an action has 
been forthcoming. Voerkel (161), found changes in viscosity in connexion with 
illumination and suggested that a change in the colloidal state of the protoplasm 
after exposure to light would be accompanied by a change in the surface tension at 
the interface between the protoplasm and the plastids. A change in the surface 
tension of the respective sides of the chloroplasts would then cause the plastids 
to move. Similar hypotheses have been put forward earlier by Pfeffer (126, p. 784), 
and by Linsbauer and Abranowicz (92) amongst others. Voerkel (161) attempted to 
explain the apostrophic and epistrophic positions of the chloroplasts on the basis 
of these changes in the surface tension caused by light. 

The electric charge of the chloroplasts is altered by light (70). This change in the 
potentials is presumably due to changes in the concentration of carbon dioxide in 
the cells. An increase in this concentration in darkness or an inhibition of photo- 
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synthesis in light appears to neutralize the electric charge. At the beginning of 
photosynthesis, there is a decrease in the carbon dioxide content of the cells. The 
chloroplasts then become positively — or in some cases negatively — charged in 
relationship to the surrounding protoplasm. 

According to Heilbrunn and Daugherty (70), the direction of the charge is deter- 
mined by the intensity of photosynthesis. The charges may be envisaged as affecting 
the displacement of the chloroplasts within the cells, but the mechanism is un- 
known. If this hypothesis were correct, the consistency of the protoplasm would 
have a considerable effect on the speed of displacement. As demonstrated earlier, 
the protoplasmic viscosity of the cell may undergo changes within very wide limits. 
With the highest values, the protoplasm is practically a gel. When its viscosity is at 
its lowest, the fluidity of the protoplasm approaches that of water (65). In the 
former case, it is practically impossible to displace the protoplasm and the chloro- 
plasts, even with high centrifugal force. When the viscosity is low, displacement takes 
place rapidly. 


These variations in viscosity, which occur continuously under natural con- 
ditions, should affect the speed of displacement of the chloroplasts. When 
this is high, the viscosity of the protoplasm is low. The rapid transition from 
the position in darkness to that in light as a result of illumination with 
high intensities may be mentioned as an example. As demonstrated earlier, 
this change is preceded by a decrease in protoplasmic viscosity. The return 
from the position in light to that in darkness takes place considerably more 
slowly and may require several hours (140, 161). It often has an irregular 
course, a fact that may possibly be associated with the undulating fluc- 
tuations in viscosity after illumination. 


XIV. The Spectral Response 


1. Introduction 


Many investigations have been made on the effect of light in the different 
regions of the spectrum on the growth of plants. The majority deal with 
light-induced changes with a more remote effect — for surveys, see Duggar 
(43) and Aberg (192). According to earlier views, the effect on growth is 
confined to the short-wave region of the visible spectrum, whereas long- 
wave light causes etiolation of green plants and is of importance for photo- 
synthesis. A number of conflicting data have appeared during recent years. 
According to Aberg (192, p. 62) there is no general rule for the action of 
light in the different regions of the visible spectrum on the growth of pha- 


nerogams. 


The coleoptile of Avena does not show any reponse to light with wave-lengths 
over 660 mu, if there is no ultrared radiation (5, 7, 12, 29, 33, 36, 62, 74, 79, 142). 
The mesocotyle, on the contrary, is sensitive to light in the red region of the 


spectrum (III). 
22 
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The sporangiophores of Phycomyces appear to respond to light in all regions of 
the visible spectrum (125) although their sensitivity is also greatest to short-wave 
light. The maximal effect is noted in the 420 to 500 mp. region (16, 36, 185). 

Attempts have been made, on the basis of the action spectra observed, to trace 
substances in the cell with corresponding absorption spectra. Such a substance is 
carotene, which appears to be a photoreceptor in phototropism (33, 34, 62, 74). 
Riboflavin has a similar absorption curve. This substance may therefore be anti- 
cipated to take part in the absorption of light (54) particularly since it has been 
found to increase the tendency to destruction of indoleacetic acid (57) and of 
certain enzymes (56) by light. 

Relatively few studies are found on the effect of monochromatically visible light 
on the state of the protoplasm. Protoplasmic streaming may be precipitated by 
illumination with weak light. According to Nothmann-Zuckerkandl (103) and Bei- 
kirch (10), this occurs with intense ultraviolet to ultrared light, the ultrared having 
the greatest effect. Schweickert (135) found an optimal effect with red light. Bot- 
telier (20) studied protoplasmic streaming in the coleoptile of Avena and found that 
it responded to light in all the regions. The relative distribution of sensitivity 
nevertheless corresponded to the action spectrum for phototropism in the same organ. 

With regard to the effect of light on the distribution of auxin in the coleoptile 
of Avena, Oppenoorth (121) observed a destruction of this substance under certain 
conditions. Unfortunately, he only studied the effect of two wave-lengths (3600 
and 5460 A). It is not possible from his data regarding the intensity and duration 
of illumination to draw any definite conclusions on the röle played by light in the 
various regions in the distribution of auxin. Both wave-lengths lie within the region 
of light to which the coleoptile shows maximal sensitivity. 

The permeability of living cells is affected by light, short-wave light being more 
active than long-wave (25, 77, 88). The permeability of the Helodea cell is un- 
changed after illumination with red light (88). The most active wave-lengths are 
between 320 and 420 mu, i.e., within the borderline between the visible violet and 
ultraviolet regions. According to Lepeschkin (88) the relative effect of light is as 
follows: white light (visible) 0.012; white light (visible and ultraviolet) 0.014; red 
light 0; extreme violet light and ultraviolet (maximum 370 and 340 mu) 0.16 and 
0.11, respectively. 


It is thus evident that the action spectrum for the effect on permeability 
follows the action spectrum for phototropism. It is possible that there is a 
slight displacement towards the ultraviolet in the former case. In the majority 
of investigations, the changes in permeability caused by light were found 
to consist of a decrease, although no detailed permeability curves for any 
length of time were given. Exceptions are the studies of Tröndle (156) and 
Lepeschkin (88) — see further XV. However, as far as I have been able 
to ascertain, no permeability curves have been recorded with the same pre- 
cision as in the case of curves for changes in viscosity. 

Voerkel (161) studied changes in the protoplasmic viscosity after illu- 
mination with light in different regions of the spectrum. He expressed the 
view that the viscosity is affected not only by ultraviolet and visible short- 
wave light but that it also shows a strong response to ultrared radiation. It 
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may, however, be questioned whether Voerkel did not record the effect of 
temperature and not of light. In many of his experimental series, the tem- 
perature rose from a basic value of 18° C to the vicinity of 30° C. According 
to an unpublished investigation made by N. O. Johansson (of this Institute), 
such rises in temperature often result in appreciable changes in viscosity. 
It is then necessary to take into account a time factor, since Johansson found 
that variations in temperature caused periodic changes in the protoplasmic 
viscosity similar to those found after illumination. Thus, no simple, propor- 
tional relationship exists between temperature and the state of viscosity, but 
the curve for the latter has a complicated course. 

A photoelectric effect has been found to occur on illumination of Helodea leaves 
(24). A similar response is found on illumination of collodion membranes. Both 
red and blue light -(with the same absolute energy) give a reaction, although the 
potentials are in the opposite direction in the respective cases. 

Differences in the potentials of the upper and under surfaces of illuminated leaves 
of Helodea have been demonstrated by Glass (58) amongst others. It is not known 


whether these reactions are associated with the other forementioned changes in- 
duced by light. 


The investigations on the influence of monochromatic light mentioned in 
the foregoing have dealt with changes which can be observed fairly soon 
after illumination. I have not touched on the numerous studies made on the 
more remote formative effect of light, i.e., photomorphosis — Aberg (192). 
Nor has mention been made of the mechanism sensitive to red light, which 
is responsible for the photoperiodical phenomena and, to a certain extent, 
for elongation of the cells (124). In these processes, light presumably has a 
direct effect as well on the protoplasm. The absorbing pigment is not, how- 
ever, the same as in the phototropic phenomenon, when the strongest response 
appears to be elicited by red light (19). It is possible that the response to red 
light also shown by Helodea may be associated with these processes. 


2. Experimental 


In the following experiments on the influence of light in the different 
regions of the visible spectrum on the protoplasmic viscosity, the absolute 
energy was the same in every case. The experiments comprised both a study 
of the effect of continuous illumination for up to four hours on whole shoots 
(Fig. 28) and an analysis of the changes in viscosity during the first five 
minutes of illumination (Fig. 30). A comparison was made between the 
effect of monochromatic light and that of white light with the same absolute 


energy as the other qualities of light (Fig. 29). 
The technique was the same as in the illumination series with white light. 
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Before illumination, the Helodea shoots were pre-illuminated with 450 M.C. 
for four days and then placed in darkness for three days. 


a. Changes in viscosity during four hours’ illumination (Fig. 28) 


Blue light: (Filter OB 1 + filter for white light — see p. 266.) Absolute 
energy: 8230 erg/cm.? sec. 

The initial effect was an immediate decrease in viscosity which, after one 
hour’s illumination, had fallen from the basic value 9 to the relative value 3. 
The decrease was succeeded by an increase, which continued with undulating 
fluctuations. The initial effect of this spectral colour was strong and cor- 
responded approximately to the reaction obtained with continuous illumina- 
tion with white light of an intensity of 3200 M.C. 

Green light (Filter OGr 1+filter for white light.) Absolute energy: as in 
the foregoing=8230 erg/cm.? - sec. 

The effect consisted of the gradual onset of an increase in viscosity, It 
could be noted after about 30 minutes and persisted as long as illumination 
was continued (4 hours). 
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Fig. 28. Changes in the viscosity of uniformly pre-treated protoplasm (450 M.C. for 4 days 

and stay in Carkness 3 days) during approximately 4 hours of continuous illumination with 

monochromatic light. Ilumination started at 0 (arrow). The light in the different series 
contained the same absolute energy (8230 erg/cm.?. sec.). 
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Fig. 29. Changes in the viscosity of uniformly pre- Oro 
treated protoplasm on illumination with white light 


containing the same absolute energy (8230 erg/cm.? . 5 
sec.) as the light in the experiments recorded in WHITE 
Fig. 28. 
O ! 2 3 4 S 
HOUR 


Red light: (Filter OR 1-+filter for white light.) Absolute energy: as in the 
foregoing = 8230 erg/cm.?- sec. 

Continuous illumination with red, phototropically inactive light also had 
an effect on the viscosity if it was of long duration. In the present instance, 
an increase in viscosity started after 75 minutes. It was considerably smaller 
than that found on illumination with a corresponding energy of green light, 
and the curve rose less steeply. 

Yellow light: (Filter OY 8+ filter for white light.) Absolute energy: as in 
the foregoing = 8230 erg/cm.? - sec. 

The yellow light obtained with this filter combination is not monochro- 
matically pure. It contains all the components of the white light less part of 
the blue. The colour is thus of an additive nature. A comparison with the 
green and red light used in the previous experiments shows that all the wave- 
lengths present in them are contained to some extent in the yellow light 
(Fig. 3). In addition, it contains part of the blue light (4300—5000 A with a 
maximum around 4650 A). 

The initial effect on the viscosity consisted of a slight decrease. If its effect 
is compared with that of white light (VII), it is found to have approximately 
the same effect as continuous illumination with 2200 M.C. 

White light: (Filter: the filter for white light only.) Absolute energy: as in 
the foregoing =8230 erg/cm.” -sec.=2200 M.C. 

The effect of this light (Fig. 29) was slightly stronger than that of the 
yellow light, from which it is distinguished by its content of the forementioned 
addition of blue light. 


b. Changes in viscosity during the first five minutes of illumination (Fig. 30) 


The experiments were carried out with the same technique as in the cor- 
responding experiments with white light (VII). 
Illumination with blue light of the same absolute energy as in continuous 
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Fig. 30. Changes in the viscosity of uniformly pre-treated protoplasm during the first 5 
minutes of continuous illumination with monochromatic light and white light containing 
the same absolute energy. 


illumination resulted at times in a initial increase in viscosity of short dura- 
tion, succeeded by a decrease. This increase of short duration, which is 
presumably due to a light-darkness reaction, has already been discussed in 
connexion with the experiments with white light (VII). 

During the first four minutes, no effect could be noted of red, green or 
vellow light with the same absolute energy as the blue. 


3. Discussion 


It is evident from the results of the foregoing experiments that the changes 
in viscosity caused by illumination with the same absolute energy distributed 
in different regions of the visible spectrum differs appreciably in the respec- 
tive cases, The initial effect is at times an increase, at times a decrease, in 
viscosity. It is therefore impossible to ascertain directly from the curves the 
way in which the response to light in the different regions varies. In order 
to determine the distribution of the response within the various regions of 
the spectrum, it is necessary to study the reactions of the protoplasm to the 
influence of continuous illumination with white light of varying intensity. 

On the basis of the forementioned series (VII) it was possible to distinguish 
three ranges of intensity of light within which the protoplasm showed the 
same initial response. 
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Ilumination with very strong light resulted in a rapid decrease in the 
viscosity value. When light of medium intensity had been used for pre-illu- 
mination, the value remained on a low level during continued illumination. 
Illumination with weaker light also resulted in an initial decrease. However, 
with a decrease in the intensity, the duration of this increase became succes- 
‘sively shorter. With a certain intensity of light, the initial effect was an 
increase in viscosity, which persisted during subsequent illumination. When 
the intensity was decreased still further, this increase in the viscosity became 
less marked. With very weak light, a decrease was once more observed. 

A comparison may be made between the forementioned changes in vis- 
cosity and those found if white light was replaced by coloured light of various 
wave-lengths but with the same absolute energy. It is then found that a 
displacement of the illumination from the short-wave to the long-wave 
region has the same effect as a decrease in the intensity of white light. In 
other words, the protoplasm responds most strongly to short-wave light. 

In the present investigation, the effect of blue light (maximal radiation 
4250 A, Fig. 28) corresponds to the effect of approximately 3200 M.C. con- 
tinuous illumination with white light. The calculation may be made in the 
same way for green light, using the curves in Fig. 16 as a basis for the com- 
parison. With the maximal radiation at approximately 5300 A, the effect 
corresponds to that of 2—-10 M.C. continuous illumination with white light. 
Thus, the response to green light is 300—-1000 times less than that to a cor- 
responding energy of blue light. 

It is therefore evident that the viscosity of the protoplasm is affected by 
the same wave-lengths that are responsible for the phototropic and light- 
growth reactions. Presumably, the active light is absorbed by some substance 
belonging to the carotene or flavone complexes (33, 34, 54). 

The response to red light demonstrable after illumination of long duration 
is probably due to absorption of light by the chlorophyll complex. 

The results of these experiments with monochromatic light may be sum- 
med up as follows: 

The mechanism in the protoplasm that causes changes in viscosity after 


illumination responds more strongly to short-wave than long-wave light. The 
spectral response is thus, in all essentials, the same in this phenomenon «as 


in the phototropic phenomena. 
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XV. Conceivable Causes of the Periodicity in Phototropism 
and Light-Growth Reactions 


A marked and very characteristic feature of the light-induced changes in 
viscosity is their periodic course. In all the experiments with illumination 
of the protoplasm in the present study, light caused changes which fluctuated 
more or less regularly about a mean value. The change in the initial reaction 
was also periodic. It shifted from a decrease to an increase and once again 
to a decrease with a successive lowering of the intensity of illumination. 

Several phenomena characterized by a periodic course are described in 
the literature on plant physiology. Some light-induced reactions, in particular 
the phototropic and light-growth reactions, which are striking examples of 
such processes (30, 31), will be discussed in the following. In my opinion, 
these phenomena are associated in some way with light-induced changes in 
the protoplasm similar to those described in the present paper. 

Synchronous changes in the individual cells after unilateral illumination of 
polar organs have been observed in connexion with these phenomena. The 
illuminated cells of the coleoptile of Avena have been found to show greater 
permeability than the unilluminated cells (22, 23). The permeability shows 
the same periodic changes as the growth, in that when the rate of growth 
is slow, the permeability is high and vice versa. It is therefore possible to 
assume an association between these phenomena. van Dillewijn (42) found that, 
after illumination, the permeability curve for the cells of the hypocotyle of 
Helianthus had an undulating course. It was possible to note a distinct first 
minimum and maximum and, at times, a second maximum. The maxima 
and minima occurred somewhat earlier than in the corresponding light- 
growth reaction. Using the plasmolytic method, Lange (85) observed dif- 
ferences between the viscosity of the illuminated and unilluminated cells of 
the coleoptile of Avena. Bottelier (20) demonstrated that protoplasmic stream- 
ing also undergoes periodic changes in illuminated cells of the same organ. 
If a coleoptile that had stood in darkness was illuminated, the rate of stream- 
ing altered. At times there was an increase and at times a decrease in the 
initial rate. Bottclier (20) found some relationship between, respectively, a 
negative and a positive phototropic curvature and an increase and a decrease 
in the rate of protoplasmic streaming after illumination. He expressed the 
view that there is a strict correlation between the rate of transport of auxin 
and the light-induced changes found by him in the rate of protoplasmic 
streaming. 

It is evident from the foregoing that changes in the individual cells take 


place simultaneously with the changes in growth and curvature, respectively, 
in illuminated polar organs. 


THE EFFECT OF LIGHT ON THE PROTOPLASMIC VISCOSITY 345 


In non-polar organs as well, the permeability of the cells is, as a rule, 
affected by visible light. Surveys of the investigations on this subject have 
been given by Duggar (43), Heilbrunn (69) and Järvenkylä (77) — see also 
XIV. The majority of observations concern only the qualitative difference 
between the illuminated and unilluminated objects. Few studies have been 
made on changes of longer duration in the permeability. 

Tröndle (156) found that the permeability was lower during the night than 
the day and that it showed periodic variations in daylight. Little attention 
has been paid by later workers to Tréndle’s observations of this periodicity, 
presumably on the grounds of the criticism of his method made by some 
writers, in particular by Fitting (48). Lepeschkin (88) found a similar perio- 
dicity in the permeability of Helodea cells. The undulating fluctuations con- 
tinued even after the leaves had been placed in complete darkness and could 
be noted for a further three days, the value subsequently becoming constant 
(cf. the fluctuations in viscosity). If leaves that had been in darkness were 
illuminated, an immediate change in the permeability took place. A maximal 
decrease was reached even on illumination with 10 per cent of the intensity 
of sunlight. 

The observations reported in the foregoing show that light gives rise to 
periodic changes in the protoplasm of both polar and non-polar organs. In 
the former, the changes are synchronous with the course of phototropic 
curvature. 

The existence of marked similarities between the phototropic responses 
and the light-induced changes in protoplasmic viscosity studied in the present 
investigation has been pointed out in previous sections. With regard to the 
threshold values, an agreement is found between the changes in viscosity 
and the phototropic response. Moreover, the spectral response is the same 
in both phenomena. It therefore appears possible to regard these reactions 
as an additional link in the chain of primary reactions preceding the photo- 
tropic curvatures and the light-growth reactions. 

In the coleoptile of Avena and other polar organs, auxin is formed in the 
apex and then gradually migrates along the sides of the organs (184). The 
concentration decreases rapidly towards the base (152). Unilateral illumina- 
tion causes a difference between the distribution of auxin in the illuminated 
and unilluminated sides. The concentrations found indicate that there is a 
displacement in the migration of the substance from one side to the other. 
The total for the quantities of auxin in the two sides corresponds approxi- 
mately to the total quantity in an unilluminated organ. According to later 
investigations, light also has some destructive effect on this substance. Pre- 
sumably, this only applies to strong light (61, 121). 

The phototropic phenomenon has been interpreted as the result of a dis- 
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placement and of a change in the content of growth substances, respectively, 
since — within certain limits — the growth is proportional to the concen- 
tration of the growth substances in the tissues (184). 

If an etiolated organ is illuminated unilaterally, the direction of the photo- 
tropic curvature alternates between positive and negative in relation to the 
source of light. The auxin is displaced, so that during the positive phase it 
is found mainly in the unilluminated side (184) and during the negative 
phase in the illuminated side (186, 189). On illumination from four sides, 
variations in the growth may occur owing to changes in the concentration 

.of auxin — cf. Boysen Jensen (21). As mentioned earlier, destruction of the 
substance, or in any event a change in the total auxin content, has also been 
observed in illuminated organs. 

If a coleoptile is decapitated, the auxin-producing centre thus being re- 
moved, and it is subsequently illuminated, no phototropic curvature occurs 
until a new »physiological apex» has been formed. Thus, a migration of 
auxin is a pre-requisite for the occurrence of phototropic curvature. Brau- 
ner (22) was able to show that curvature also takes place when unilluminated 
apices of coleoptiles are placed on the previously illuminated, decapitated 
organs. Thus, light appears in some way to change the effect of auxin when 
this substance reaches the illuminated cells. The cause of the phototropic 
curvature may be a destruction of auxin, an increased resistance to its 
migration or a change in the response to the substance — cf. Galston and 
Hand (55). 

According to du Buy (28) and van Overbeek (122) the unequal distribution 
of auxin in the respective sides of unilaterally illuminated organs may be due 
to the occurrence of some resistance to the transport of auxin from the 
apex downwards in positive curvature and in the sides turned away from 
the light in negative curvature. A change in the resistance to the transport 
of the precursors of auxin is also a possible cause (55). Presumably, the 
transport of auxin does not take place through diffusion but through other 
unknown processes (181). The state of the cell through which the transport 
takes place cannot, however, lack importance. 

As stated earlier, there is a similarity in the course of the light-induced 
changes in the protoplasm described in the foregoing and the growth process 
in the form of phototropism and light-growth responses. This indicates the 
existence of a causal connexion which may be of the following nature. 

Illumination causes changes in the protoplasm expressed, amongst other 
reactions, as a change in permeability and viscosity. The migration of auxin 
originating in the apex of polar organs may then be envisaged as being 
affected by these structural changes in the protoplasm. The periodic fluc- 
tuations in the state of the protoplasm would then also act on the transport 
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of auxin and thereby cause the occurrence of positive or negative photo- 
tropism and periodic light-growth reactions. 

The existence of such a causal connexion would imply the following. 
Every intervention that was found to affect the state of the protoplasm (e.g., 
permeability and viscosity) would then induce changes (such as trauma- 
tropism and thermotropism) in the growth of polar organs in which a 
transport of auxin takes place. 


Summary 


The present investigation is a closer analysis of the course of the light- 
induced changes in the protoplasmic viscosity of plant cells and a study of 
this phenomenon with respect to the response to light and factors associated 
with it. A study is also made of the effect of centrifugal force on the dis- 
placement of the cell contents. The experimental material consists of leaves 
of Helodea densa. 

The protoplasmic viscosity is determined with the centrifuge method. The 
conception of viscosity with the use of this method is discussed. 

The value for the protoplasmic viscosity is stated as the time in minutes 
during which the object must be exposed to centrifugal force (3200 r.p.m., 
920 times gravity, angle centrifuge) for the chloroplasts in 90 per cent of the 
cells of the under surface of the leaf, on either side of the vascular bundle, 
to be displaced to the centrifugal end of the cells. 


Results and Conclusions 


1. If the centrifugal force is below a certain minimum, the cell contents 


of the Helodea leaf remain unaffected. 

2. The viscosity and the permeability of the protoplasm follow the same 
course; the viscosity is lowest in young leaves. 

3. Under natural conditions, the protoplasmic viscosity is not constant. 
It is higher during the night than the day, but it also shows fluctuations of 
shorter duration, completed within one to a few hours. If the leaf is placed 
in the dark, the fluctuations become less marked and cease altogether after 
three days in darkness. The value then remains on a constant level for one 
or more days in darkness. 

4. If protoplasm that has been in darkness is exposed to white light, in 
which the heat radiation and ultraviolet light have been filtered off, it 
responds with changes in viscosity. The course of these changes is depen- 


dent on: 
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(a) the intensity of light with which the protoplasm is illuminated; 

(b) the duration of the stay in darkness before illumination; 

(c) the intensity of light to which the protoplasm was exposed before 
being placed in darkness (pre-illumination). 

Both a prolongation of the stay in darkness and a decrease in the intensity 
of pre-illumination before this time causes the protoplasm to respond more 
strongly to a new light impulse. 

5. The change in viscosity — at any rate on illumination with a high 
intensity of light — is instantaneous. The first demonstrable change is an 
increase or a decrease in relation to the basic value, according to the intensity 
of illumination (22,000—0.5 M.C.). Three ranges of intensity can be distin- 
guished with respect to the initial response of the protoplasm: 

(1) a decrease in viscosity (high intensities of light); 

(2) an increase in viscosity (medium intensities of light) ; 

(3) a decrease in viscosity (low intensities of light). 

After the first change, the curve for the viscosity has an undulating course. 
The fluctuations are particularly marked on illumination with light of medium 
intensity. 

6. If the protoplasm is pre-illuminated with varying intensities of light 
before it is placed in darkness, there is a displacement — caused by adap- 
tation — in the ranges of intensity within which the initial response (a 
decrease or increase in viscosity in relation to the basic value) is the same. 
The extent of the ranges is also affected by the conditions of pre-illumination. 

7. The response of the protoplasm of Helodea to light shows a maximum 
during the late autumn and a minimum during the summer. In the former 
season, the absolute threshold value for the intensity during four hours’ 
illumination is approximately 1 M.C., in the latter less than 0.001 M.C. The 
value is of the same order of magnitude as the threshold value for light 
causing phototropic curvature in the coleoptile of Avena. 

8. The low viscosity value resulting from illumination with a high inten- 
sity of light persists during the subsequent stay in darkness for a period 
which appears to be in logarithmic correlation to the duration of illumination. 

9. If protoplasm with a constant viscosity value is exposed to a light 
impulse of short duration, the viscosity shows rapid fluctuations. These 
fluctuations soon ebb out during the subsequent period in darkness. Thus, 
the basic constant value is restored approximately 25 minutes after illumina- 
tion with 22,000 M.C. for one to three minutes. With an increase in the 
duration of illumination, there is a successive increase in the magnitude of 
the fluctuations. This also implies that a successively longer period in dark- 
ness is required for the basic viscosity value to be regained. Illumination 
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of long duration causes lengthy fluctuations in the viscosity which are pre- 
sumably of the same nature as those occurring under natural conditions. 

10. With illumination of short duration, it is possible, under certain con- 
ditions, to distinguish both a darkness-light and a light-darkness reaction. 

11. The fluctuations in viscosity after exposure to a light impulse are 
interpreted as the result of various processes with antagonistic effects. 

12. The 24-hour rhythm in the protoplasmic viscosity is interpreted as 
a result of the variations in the intensity of daylight. Strong light decreases 
the viscosity, weak light increases it. 

13. If the protoplasm is illuminated with a high intensity of light (22,000 
M.C.) for a short period, the threshold value for the quantity of light is 
approximately 60,000 M.C.S. during the spring, the corresponding value 
during the autumn being 6 M.C.S. The latter value is of the same order of 
magnitude as that required to induce phototropic curvatures in polar organs. 

14. The product law is only approximately valid for high intensities of 
light. If the intensity of illumination is decreased, with a resulting increase 
in its duration, the product law only holds good if the duration of illu- 
mination does not exceed a certain maximum. Otherwise, adaptation pheno- 
mena occur, causing considerable deviations from the product law. 

15. Light has a localized effect only. If partly screened, individual cells 
are illuminated, the protoplasmic viscosity undergoes a change only in the 
illuminated part of the cell. It is not possible to note any transmission of 
stimulus from the illuminated to the unilluminated area. The protoplasmic 
streaming which starts after illumination nevertheless obscures the picture 
to an increasing extent following centrifugation. 

16. The changes in viscosity taking place after illumination of a cell are 
demonstrable earlier than the displacement of the chloroplasts caused by light. 
The changes in viscosity are assumed to play a röle in the latter reaction. 

17. The changes in the protoplasmic viscosity of Helodea are caused by 
the response to the short-wave region of the visible spectrum. 

18. The protoplasm also shows a slight response to phototropically inactive 
red light, although it is considerably less marked than that to a corresponding 
absolute energy of blue light. 

19. The light-induced changes found in the protoplasmic viscosity are 
assumed to be associated with the phototropic phenomena, which show a 
similar periodicity. The migration of auxin in polar organs is considered 
to be affected by the changes taking place in the cell following illumination. 
If these changes are periodic, the effect of auxin will follow the course of 
the periodicity. 
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It has long been known that cuttings can be stimulated to root formation 
by treatment with 3-indoleacetic acid or other similar substances (Cooper, 
1935, Zimmermann and Wilcoxon, 1935). According to Went (1938), a 
specific root-forming substance, rhizocalin, is required, apart from auxin, 
in order to bring about rooting. Bouillenne and Bouillenne-Valrand (1939), 
regard rhizocalin as indispensable to the rooting while, in their opinion, 
auxin in biologic concentrations is of no significance in that respect. 

In the present paper, an account will be given of some investigations 
regarding the question whether any changes in the natural auxin content 
can be traced in rooting hypocotyles of Phaseolus vulgaris. Before the 
investigation, tests were performed in order to ascertain the most suitable 
method to make the hypocotyles form roots, without any exterior supply 
of auxin. Some interesting results appeared. They will be recorded below. 


Rooting in Hypocotyles Placed in Different Media 


Material and method. —- The investigation objects consist of 10 days old 
sand-cultivated plants of Phaseolus vulgaris L. Apart from the cotyledons, 
such plants possess two full-grown leaves. The cotyledons have been removed 
and the hypocotyles cut down to a length of 5 cm. The plants, thus treated, 
have then been placed in brown glass jars of 100 ml., one in each jar. The 
jars have been filled with the particular solution whose effect on the rooting 
was to be studied and transferred to boxes containing a layer of moist sand. 
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The openings in the boxes have been covered with glass, in order to increase 
the humidity of the air. The experiments have been carried out in light 
thermostat at about 20—22° C. An aggregate of 20 fluorescent lamps of 
40 watts each has served as source of light. The lamps have been placed at 
a distance of approximately 50 cm. from the leaves of the plants. During the 
whole experimental period, the plants have been illuminated during 13 out 
of 24 hours. From time to time, after the beginning of the experiments, the 
number of roots that may have been formed per hypocotyle has been 
determined. 

Rooting in water and in various salt solutions. — In the course of an 
initial experiment, some of the jars were filled with distilled water, 
others with tap water and, again, others with a nutrient solution which 
per one litre of distilled water contained 1.2 ml. 1 M KH,PO,, 0.6 ml. 
1 M KNO,, 1.0 ml. 1 M MgSO, and 1.4 ml. 1 M Ca(NO,),. This experi- 
ment shows that plants placed in tap water form roots exceedingly well, 
while plants placed in a nutrient solution or in distilled water, form few 
if any roots. (see Table 1). Since the explanation may, conceivable, be 
that the composition of the salts in tap water is more suitable for rooting 
than that of the nutrient solution, the capacity of the plants to form roots 
in »artificial» tap water have been tested. This »artificial» tap water has 
been produced from distilled water and salts according to directions from the 
Waterworks of the City of Stockholm. It has been composed as follows: 
0.84 gm. NaHCO,; 1.04 gm. CaSO,,2H,0; 0.18 gm. CaCl, (93 %o); 0.49 gm. 
MgCl,,6H,O; 0.05 gm. KCl; 0.005 gm. KNO,; 1 ml. FeCl, (0.60 mg. per ml.) ; 
10 litres of distilled water. Also in this water, the hypocotyles of the plants 
will form but extremely few roots (see Table 1). The tap water must, there- 
fore, contain some other substance than the common salts, essential to the 
rooting process. 

Even though the tap water be diluted with distilled water, it will exert an 
effect on the root formation. The hypocotyles will form roots even in a 
mixture of 10 per cent tap water and 90 per cent distilled water, though by 
far not so well as in pure tap water (see Table 1). 

Rooting in litter extract. — Stalfelt (1948) showed that tap water contains 
substances influencing the viscosity of the plasma. Distilled water has no 
such substances. These substances in tap water derive from soil litter, and 
extracts from such litter or dry leaves in distilled water have the same effect 
on the viscosity of the plasma as tap water. Provided that the substances in 
the tap water that affect the viscosity are identical with those affecting the 
rooting, extracts from soil litter or dry leaves should, obviously, produce 


an effect also on the rooting. 
Extracts of dry leaves from various broad leaf trees have been produced 
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Table 1. Rooting of hypocotyles af Phaseolus vulgaris placed in different solutions. 


ES 


Number of roots per hypocotyle (mean of 10 


Solution hypocotyles) after 
7 days | 10 days 
(Rapiwater Sears. c-steacloce eee 8.3 21.7 
Distilled | water 2... 0.1 2.6 
Nutrient solution: 
1.2 ml. 1 M KH,PO,, 
0.6 ml. 1 M KNO,, 
1.0 ml. 1 M MgSO,, 
1.4 ml. 1 M Ca (NO,), 
1 litre of distilled water ............ 0.1 1.4 
Number of roots per hypocotyle after 
Solution 
| 8 days 14 days 
apr watereeisnasccoseenceactrs cease nse art 17.2 32.9 
Distilledwatery ne... ernennen 0.0 0.0 
Artificial tap water (Composition 
SCD SHINE dei 2.2 
Number of roots per hypocotyle after 
Solution 
| 7 days 10 days 
Mapiwater Mr esse 8.1 23.2 
50 0/0 tap water +50 0/0 distilled 
WALL ee eee eee 5.7 26.1 
10 0/0 tap water + 90 0/0 distilled 
Water, 2.204.000 Renee sense 0.8 12.4 
Distiled’water 5... 5..ccsvecccseesenstneces 0.8 4.1 


by boiling the leaves in an autoclave at 120° C for 30 minutes in distilled 
water. When plants of Phaseolus are placed in such extracts, rooting will 
occur on the hypocotyles, provided the extracts are not too diluted. In order 
to obtain rooting to the same extent as in tap water, the extracts must, 
generally speaking, contain leaves from about 1 gm. in 1,000 ml. of water, 
the dilution being 1 : 10°. With a dilution of 10 times that amount, i.e. 1 : 104, 
a root formation, though inconsiderable, may occasionally occur. When the 
solutions are still further diluted the rooting is not notably greater than in 
pure distilled water (see Table 2). In Stalfelt’s experiments, the viscosity 
of cells in leaves of Helodea was, however, affected even in extracts of a 
dilution of 1 : 10°. 

In some experiments dry, withered maple-leaves were incinerated. The 
ashes were mixed with concentrated hydrochloric acid which was evaporated 
and the residue dissolved in distilled water. Also in these solutions the hypo- 
cotyles of Phaseolus will form roots (see Table 3), better developed, in fact, 
than in extracts from unincinerated leaves, the latter containing additional 
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Table 2. Rooting of hypocotyles of Phaseolus vulgaris placed in extracts of withered 
leaves in distilled water and artificial tap water, respectively. The extracts have been 
produced by autoclaving of leaves at 120° C (during 30 minutes). 


Number of roots 
per hypocotyle 


Number of roots 


Solution and Solution and 


: 3 er h 
concentration after 10 days concentration a ek 
Leaves of Acer in distilled Leaves in distilled 
water 1 gm. of leaves in water of 
1,000 ml = 1:103 

TC RR RER I. 22.9 Ulmus glabra Huds. 
1:10% ee dacislacrala Wr a ee een 14.5 103 ee 11.0 
ONCE Er re 0.3 isl OSs re NE AN 7.4 
1 CEE Re ar MN ES sh 
TOUR EEE er 0.0 Fraxinus excelsior L. 
Distilled water ............ 0.6 a A 12.0 
Tap: water nassen 29.5 A Eee 0.2 
Leaves of Acer in artificial Populus tremula L. 

tap water LCOS me 17.8 
NOS ER en 26.3 EOS et ae. 1.9 
MNOS EN A na. 16.6 
re N 2.3 Acer platanoides L. 
OS ac 4.0 1032. ER NASEN 16.3 
Artificial tap water ...... 2.9 ACTOS ELS eect ona cee tase aee3 3.5 
HA DIE ATOE essen 27.5 Distilled water ............ 0.0 

apzwater een 15.4 


substances harmful to the growth of roots. The particular substance in the 
leaves that is active in the process of rooting cannot be of an organic nature, 
since it would, then, have been destroyed in the incineration process. Since 
the substance extracted by Stälfelt from withered leaves is of an organic 
nature, the two substances cannot be identical. 

Rooting in solutions of various inorganic trace elements. — Considering 
that the substance in the leaf extracts that is active in the root formation 
is not of an organic nature and, further, that it is not to be found among 
the common inorganic salts, some inorganic trace element is, in the first 
place, guessed at. The substance in question should be found in the extracts 
from withered leaves, as well as in tap water. With this in view, investiga- 
tions have been performed of the capacity of rooting in solutions containing 
the following trace elements: Li, B, Mn, Cu, Al, Ni, Zn, Co, Ti, J, Br, Fe. 
Solutions of distilled water have been produced containing, on the one hand, 
all the forementioned trace elements in the concentration that is usual when 
added to a common nutrient solution (see Gessner, 1939) and, on the other 
hand, solutions where the trace elements have, one after the other, by turns, 
been excluded. Rooting occurs in all solutions except the one lacking boric 
acid (see Table 4). In other experiments, nutrient solutions with or without 
the addition of boric acid have been applied. Also in these solutions, the 
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Table 3. Rooting of hypocotyles of Phaseolus vulgaris placed in solutions prepared from 
the ashes of incinerated leaves of Acer. The ashes have been dissolved in distilled water 
after mixing with concentrated hydrochloric acid and evaporation of the latter. 
eS 


Number of roots per 


Solution hypocotyle after 9 days 


Ashes from 1 gm. of leaves dissol- 
ved in 100 ml. of water = 1:10? 


VO Seat ns me ce 1157 
ATOS MENS SE aan sa 22.0 
Nel Ose ea knee tenant emacs 6.0 
Distilled) water "tre... 0.0 
ALE CLG 0 Sagoo centboedan ibucogescdanae 15.4 


Number of roots per 


Solution hypocotyle after 7 days 


Ashes from 1 gm. of leaves in 
1,000 ml. of water=1:103 


TOP ee oc seen ee 9.3 
TO EN En ee eae ee 19 
Distilled water er 32 
Tap Water" anne ee | 11.9 


Table 4. Rooting of hypocotyles of Phaseolus vulgaris placed in solutions of trace elements 
in distilled water. For the concentration of trace elements, see Gessner, 1939, p. 189. 


Number of roots Number of roots 
Solution per hypocotyle Solution per. hypocotyle 
after 7 days after 7 days 
Complete trace element Trace element 
solution containing Li, solution without Sn...... 12.9 
B, Mn, Cu, Al, Ni, Zn, » Co... 11.6 
Sn, Co, Ti, J, Br, Fe. ... ve » gesehen 132 
Trace element » RUN 11.9 
solution without Li ...... 14.9 » Br 9.2 
> se 3.4 » Rena 16.4 
» Ma 11.8 Distilled water ............... DEN 
» CU. 12.7 Taiwan whee aks 11.5 
» Nee 12.0 
» Niger: 11.0 
» VA ROP Rt 13.1 


hypocotyles will produce roots only in the presence of boric acid. Even in a 
solution containing 6: 10-° gm. of boric acid per litre, root formation will 
take place (see fig. 1). Larger amounts do not seem to increase the effect. 
Thus, without any boric acid, no visible roots will appear on the hypocotyles, 
wiih boric acid roots are formed and, when once sufficient, an increased 
amount of boric acid will make no difference to the root formation. It seems 
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likely that the active component in the litter extracts and in tap water in 
the present experiments consists of boric acid. 


Discussion. -— According to Rehm (1937) the growth of the roots in young 
wheat plants is stimulated by boric acid. Rehm shows that a deficiency of 
boric acid as well as of calcium, will inhibit the growth of the roots. In his 
opinion, boric acid acts as a stimulus on the absorption of the calcium. 
According to Eaton (1940) boric acid should, however, also affect the auxin 
formation. 


In the above described experiments with hypocotyles of Phaseolus, the 
boric acid is not likely to affect the formation, but only the growth of the 
roots. Apart from Rehm’s investigation, this supposition derives support from 
the following facts: In hypocotyles, grown in media deficient in boric acid, 
wart-like elevations have often been noticeable (see fig. 1). They have, how- 
ever, been unable to develop into roots. By increasing the boric acid, the 
root formation cannot be stimulated beyond a certain limit while an auxin 
treatment can make the cuttings form a much greater number of roots. 


The Auxin Balance in Rooting Hypocotyles 


When extracting auxin from a part of a plant with ether, the result is, 
as a rule, better in prolonged extraction than in one of short duration. 
According to Skoog and Thimann (1940) the explanation is that, in the 
course of the extraction, auxin is enzymatically set free from some pre- 
cursory stage. In their opinion this preliminary stage may represent a com- 
bination of protein and auxin. According to Gordon and Nieva (1949) this 
precursor of the auxin is identical with tryptophan which can be enzymatic- 
ally broken down into indoleacetic acid with indoleacetaldehyde as one of 
the intermediary stages. 

Ether extraction of different parts of pineapple plant, performed by 
van Overbeek, Vazquez, and Gordon (1947) has shown that free auxin in 
the tissue will pass into ether very rapidly. As soon as after an hour, most 
of the auxin is, probably, dissolved in the ether. The auxin precursor, on 
the other hand, begins after a few hours to be transformed into free auxin, 
which dissolves in the ether as soon as it is being formed. Thus, by ether 
extraction it is possible to separate free auxin from auxin formed from an 
auxin percursor, i.e. bound auxin. The amounts that pass into the ether 
during the first hours of the extraction consist, for the most part, of free, 
acid and neutral, auxin, those resulting from the continued extraction, bound 
— acid and neutral — auxin, originate from the auxin precursors. 
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Method. — In the present investigation, hypocotyles of Phaseolus have 
been examined with regard to their content of auxin at different stages of 
rooting, viz. partly hypocotyles immediately before cutting from sand-grown 
intact plants, and partly hypocotyles from cut plants that, for a varying 
number of days, have been left for rooting in tap water. These cut plants 
have been treated as in the earlier described rooting experiments. 

The hypocotyles have been extracted with peroxide-free ether. During the 
first three hours of the extraction, the ether has been changed hourly, and 
the three extracts have been combined. All free auxin is to be found in this 
combined extract from the first three hours’ extraction. After this, the extrac- 
tion has been continued for 45 to 48 hours, the ether during this period 
being changed twice. The auxin obtained during the continued extraction 
derives from the auxin precursor. The auxin thus produced will in the fol- 
lowing be termed bound auxin. Also the extract from the first three hours 
probably contains some bound auxin, though the principal amount occurs 
in the extract of the last 45 to 48 hours. 

The amount of bound auxin formed during the extraction will depend on 
the temperature at which the extraction takes place. At low temperatures 
the amounts of bound auxin that are liberated are smaller than at high 
temperatures (Wildman and Muir, 1949). In the majority of the present 
experiments, the extraction has been performed in a refrigerator at tempera- 
tures of +2 to 4° C. In one experiment, the material was extracted at 
+26° C. 

The above-mentioned extracts have been fractionated according to Boysen 
Jensen’s »method II» (1941) into a neutral and an acid fraction. The latter, 
comprising the acid auxin, has been submitted to an Avena test, according 
to earlier described methods (Hemberg, 1947). In some ‘experiments, the 
neutral fraction, which possibly contains indoleacetaldehyde, has been treated 
with milk according to Larsen (1944). If neutral indoleacetaldehyde is 
present, it is transformed into indoleacetic acid, which can then, by frac- 
tionating, be separated from other neutral substances and, afterwards, 
ascertained by the Avena test. 

Auxin content in rooting hypocotyles. — In practically every experiment, 
the content of free auxin in the hypocotyles is found to be approximately 


Fig. 1. Rooting of hypocotyles of Phaseolus vulgaris placed in different solutions. The hypo- 

cotyles photographed 10 days after the beginning of the experiments. Leaves and stem tips 

removed when the pictures were taken. The hypocotyles have been kept in the following 

solutions: a, tap water, b, distilled water, c, nutrient solution (composition see Table 1), 

d—f, nutrient solutions with the addition of boric acid in the following concentrations: 

d, 6.1:10—6 gm. per litre, e, 6.1:10—5 gm. per litre, f, 6.1- 10—4 gm. per litre, and g, 
6.1-10—3 gm. per litre. 
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Table 5. Content of auxin in hypocotyles of Phaseolus vulgaris kept in tap water during 
a different number of days. The hypocotyles have been extracted with peroxide-free ether. 


Amounts of auxin in WAE/1,000 per gm. of fresh weight 
Auxin extracted during Auxin extracted during 
A Extraction| Length | the first three hours = the following 45 to 48 
more tempera- | of roots free auxin hours — bound auxin 
kept in ture in mm Neutral auxin Neutral auxin 
water °C Acid |transformed into] Acid |transformed into 
auxin acid auxin by auxin acid auxin by 
milk treatment milk treatment 
0 — 2 to +4 0.070 0.066 
1 > 0.077 0.074 
2 » 0.076 0.086 
4 » 0.076 0.104 
5 > 0.078 0.132 
2 > 0.070 0.130 0.574 0.146 
4 > 0.072 0.570 
6 > 0.072 0.087 0.509 0.252 
9 > 15—20 0.138 0.117 0.587 0.280 
3 > 0.152 0.128 0.188 0.156 
10 > 15—20 0.172 0.120 0.254 0.154 
1 » 0.106 0.161 
5 > 0.129 0.297 
1 + 26 0.126 0.232 
3 > 0.126 0.435 


equal, whether extracted immediately after the cutting from intact plants or 
from plants kept in water for one to five days (see Table 5). The content 
of free auxin has, on the other hand, increased in hypocotyles, kept in water 
for a longer time, and which had rooted. Considerably smaller amounts of 
bound auxin can be obtained from freshly cut hypocotyles than from hypo- 
cotyles that have been kept in water for some days. The increase in the 
content of bound auxin seems to precede a similar increase of free auxin. 

Even in the mentioned experiment where the extraction took place at 
+26° C, the difference in amount between free and bound auxin is more 
marked in the hypocotyles kept longest in water. The explanation of the 
fact that more bound auxin has not been detected in these extracts, in spite 
of their having been obtained at a higher temperature is probably that the 
ether, at the extraction of the bound auxin in these experiments, has been 
changed only once. 

As previously mentioned, the growth substance occurring in the neutral 
fraction can only be examined after a transformation into indoleacetic acid, 
e. g. by treatment with milk. This operation is difficult to execute quantita- 
tively. Nor have any parallel determinations been performable, because of 
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lack of material. The recorded results can, therefore, not be regarded as con- 
clusive. Nevertheless, the content of neutral free auxin is, doubtless, always 
less than that of neutral bound auxin. This is due to the fact that the neutral 
auxin represents an intermediary stage between the auxin precursors and 
the free auxin. Continued experiments will be required in order to throw 
light upon the action of the neutral auxin in the hypocotyles during the 
different stages of root formation. 

Discussion. — The fact that the amount of bound auxin increases in the 
hypocotyles during the rooting can, very conceivably, be explained by either 
of two different causes, viz.: 1) an increase in the amount of auxin pre- 
cursors from which the bound auxin is being formed during the extraction, 
and 2) an increase in the concentration of the enzymes that liberate auxin 
from the auxin precursors. Which of the two factors has not been made 
clear. Whether the amount of auxin precursors or that of enzymes is in- 
creasing, the result is a liberation of auxin. 

The probable explanation of the increase in the content of free auxin only 
after an increase in the content of bound auxin, is due to the fact that auxin 
precursors represent pre-stages to the free auxin. 

The forementioned results rather suggest that the auxin naturally occurring 
in the plant influences rooting. This conforms well to the conclusions arrived 
at by Warmke and Warmke (1950) with regard to root formation in root 
segments of Taraxacum and Cichorium. 

Bouillenne and Bouillenne-Valrand (1939) on the other hand, maintain 
that, even though auxin in high concentrations may catalyze the root forma- 
tion, it would, nevertheless, in biologic concentrations play no part in the 
rooting. In support of their contention, they draw attention to the fact that 
they have failed to ascertain the presence of auxin in hypocotyles of Im- 
patiens Balsamina which have none the less, produced roots. The foremen- 
tioned authors have, however, examined impure auxin extracts. For this 
reason, the explanation of their results may be, as they themselves actually 
suggest, that auxin has been present in the hypocotyles without being 
ascertainable with Avena test, owing to a profuse occurrence of growth- 
inhibiting substances. 


Summary 


Cut plants of Phaseolus vulgaris, with two developed leaves and removed 
cotyledons, can form roots on their hypocotyles, when placed in tap water 
or in extracts of dry leaves in distilled water, but will fail to do so when 
placed in nutrient salt solutions containing K, Ca, Mg, phosphate, sulfate, 
and nitrate, or in distilled water. When, however, boric acid is added in 
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small concentrations to the nutrient solutions, or to the distilled water, roots 
will be formed. 

The content of free auxin (extractable with ether in three hours) and that 
of bound auxin (extractable with ether at continued extraction for 45 to 48 
hours) have been determined in hypocotyles of Phaseolus, freshly cut from 
intact plants, or from cut plants kept in tap water for varying periods, in 
order to form roots. 

The increase in the content of free auxin is inconsiderable during the first 
four to five days after the cutting off of the hypocotyles. The content of 
bound auxin increases, on the other hand, fairly much during that time. 
Later also the amount of free auxin increases. 

The increase of bound auxin in the hypocotyles during the rooting process 
may be explained from two causes, viz. 1) that the amount of auxin pre- 
cursors increase in connection with rooting and 2) that the amount of en- 
zymes capable of producing auxin from the auxin precursors increases in 
connection with the rooting. 

This paper has been produced with the aid of grants from Lars Hierta’s Memorial 


Foundation and the Swedish Science Research Council. The author is indebted to 
Miss Bettina Henke for valuable technical assistance. 
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Introduction 


Recent investigations have demonstrated that various species of Fusarium, 
Verticillium, Ceratostomella and other fungi are capable of producing meta- 
bolic products which are toxic to living plants. Although the earliest work 
in this field was done with Botrytis, few investigations have been conducted 
in recent years with this fungus. 


De Bary (12), working with Sclerotinia Libertiana Fckl. on broad bean, observed 
that certain cells of the host-plant blackened and collapsed prior to the actual 
penetration of hyphae of this fungus through the cuticle of the stem. He postulated 
that the fungus produced a toxic substance which was capable of diffusing through 
the cuticle of the stem. His attempts to confirm this theory with the use of fungous 
extracts were unsuccessful. Ward (31), also concerned with the initial entrance of 
fungous hyphae into plant tissue, supported the de Bary hypothesis as a result of 
his experiments with Botrytis cinerea Pers. on lily. Working with the same fungus 
on Vicia Faba L., Nordhausen (23) arrived at similar conclusions. 

In an investigation of the parasitism of B. cinerea, Smith (29) recognized two 
stages in the infection of the host by the fungus. The first stage was the poisoning 
and killing of cells by a toxic metabolite of the fungus, and the second, the dis- 
integration and utilization of these cells as food by the pathogen. Smith believed 
that oxalic acid was responsible for the first reaction. Peltier (26) confirmed the general 
observations reported by Smith, but could not find any oxalic acid in media upon 
which the fungus had been grown. He concluded that the toxin was an organic 
acid and found that it was not inactivated by boiling. 

Blackman and Welsford (2), Brown (3, 4, 5) and Brown and Harvey (7) could 
find no evidence to support the toxin theory. Brown concluded that the germ-tube 
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penetrated the cuticle by mechanical means only. Working with germ-tube extract, 
he found no oxalic acid or oxalate present, and decided that if any toxin was 
involved, it was of a colloidal nature and was inactivated by heat, mechanical 
agitation, and alkali. In a later work, Brown (6) presented an excellent review of 
the general subject of parasitism and conceded that a toxin may be produced after 
the entrance of the germ-tube into the host tissue. 

In an analysis of fifteen-days-old cultures of B. cinerea, Ovcarov (24) found that 
thiourea was produced and that its production is dependent upon the nitrogen 
source in the medium. When the fungus was grown on Richards’ medium with 
gelatin, casein, asparagin or ammonium sulphate as the source of nitrogen, thiourea 
was produced. No thiourea could be detected in medium containing sodium nitrate 
as the nitrogen source. Ovcarov found that a 0.7 per cent solution of thiourea was 
capable of producing a slight wilt and marked chlorosis in the leaves of »wheat 
(Lutescens 062), tomato, Alchemilla vulgaris L. and Ranunculus acer L.» in 48 hours. 
A 0.6 per cent solution of urea, however, produced marked wilt and slight chlorosis 
in the same test plants. In a later work, Ovcarov (25) reported that B. cinerea and 
other fungi are capable of splitting off urea from protein in culture. 


The present investigation is concerned with the cause of wilt in plants 
infected with B. cinerea. It is a preliminary study to determine whether or 
not a toxic metabolic product of the fungus is the cause of this wilt, and if 
so, to discover the chemical nature of this product. 


Materials and Methods 


The culture of Botrytis cinerea used throughout this work was found 
growing on Exochorda racemosa Rehd. by Damon and Snell (11). A pure 
culture of this organism was obtained from Dr. W. H. Snell. The fungus 
was maintained on malt-agar slants in large test-tubes and kept under refri- 
geration at 2° C. In all experiments, the fungus was grown on Richards’ 
medium having the following composition unless otherwise noted: sodium 
nitrate, 10 g.; potassium phosphate (monobasic), 5 g.; magnesium sulphate, 
2.5 g.; ferric chloride, trace; sucrose, 50 g.; and distilled water to make one 
liter. Cultures were maintained at room temperature in 250 ml. erlenmeyer 
flasks containing 100 ml. of medium. 

Young plants of Stone variety of tomato, each with two well-developed secondary 
leaves, were used to assay the culture filtrates for the presence of toxin. The plants 
were grown from commercial seed in flats in the greenhouse. When ready for use, 
the plants were removed from the soil and the roots washed in tap water. They 
were then placed in vials 9.5 cm. high with an inside diameter of 1.5 cm. The vials 
were approximately half-filled with the filtrate to be assayed for toxicity. The roots 
of the plants were always well covered with thé liquid in the vials. Ten plants were 
used to test any given filtrate, and the tests were run in the laboratory at room 


temperature. The condition of the plants was noted over a 48-hour period. If no 
wilt symptoms appeared within 48 hours, the solution tested was presumed to be 
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toxin-free. Control plants in Richards’ medium did not wilt within this time, although 
occasionally slight wilt symptoms appeared in a leaf here and there. It should be 
noted in this connection that wilting of controls was observed by Fahmy (13) 
working with Fusarium Solani (Mart. p.p.) App. and Wollenw. and broad bean in 
the same medium. Upon removal of wilted controls to vials of distilled water, he 
found that the plants recovered rapidly, while plants which wilted because of the 
presence of fungous toxin in the medium failed to recover upon removal to distilled 
water. 


The experimental work undertaken was essentially along three lines. The 
first series of experiments was to determine whether thiourea and urea were 
produced by the fungus, the conditions necessary for the production of these 
compounds, and their toxicity to test plants. 

The second series of experiments was to establish the connection between 
age of cultures, carbohydrate utilization, and pH of medium in relation to 
toxin production. 

A third series of experiments consisted of a general chemical analysis of 
the medium upon which the fungus was grown in an attempt to discover the 
nature of the toxin, the relative rates of disappearance and accumulation 
of certain metabolites of the fungus and the toxicity of these products to 
tomato plants. 


Experiments and Results 


Production of Thiourea and Urea 


In view of the work of Ovcarov (loc. cit.), preliminary investigations were 
made of the production of thiourea by the fungus and its toxicity to tomato 
plants. Eight series of cultures were used in this experiment, each series 
consisting of six flasks. In each series, four flasks were inoculated with the 
fungus and two were maintained as controls. Six different sources of nitrogen 
were used, including five of the six used by Ovcarov, each series having 4 
different source of nitrogen in the medium except for two series which were 
duplicates. The medium was autoclaved at 114° C. for 30 minutes and, after 
cooling, was inoculated with a small wad of mycelium taken from a stock 
culture. After varying periods of incubation, the medium was tested for 
thiourea. Since little information is available concerning the accuracy and 
specificity of Klein’s method described by Ovcarov for the detection of 
thiourea in culture medium, the author used the method of Grote (18) as 
modified by Nicholes and Herrin (22) and checked all analyses with Klein’s 
method. In all cases the results using both methods were identical. Here it 
should be noted that Grote’s method is not specific for thiourea but gives a 
positive reaction for all compounds in which divalent sulphur is linked to a 
single non-metalic element. For the sake of clarity, however, the author will 
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Table 1. Results of tests for thiourea in cultures of Botrytis cinerea grown on media con- 
taining different nitrogen sources. 


a 


3 Age of culture when 
Nitrogen source tested (days) Results 
oo © 
Sodium nitrate ........................... 5, 6, 8, 15, 21, 27 Negative 
Ammonium sulphate .................. 5, 6, 8, 15; 21, 27 > 
Ammonium sulphate .................. 56 > 
Peptone ne. ee Ne Se, 015, 17 » 
Peplonemun mn. M eines 35, 39 » 
Gelatine ra... 0 8. 36, 62, 66 > 
ASPATaGIDE EEE eesweueldest 36, 62, 66 > 
Ammonium nitrate ..................... 31, 59 Positive 


1 Dextrose used here instead of sucrose. 


use the term »thiourea» to mean any compound of this type. Table 1 shows 
the results of this experimeni. 

It will be noted that in only one series could thiourea be detected in the 
culture medium. In all controls no thiourea was present. The medium con- 
taining thiourea and the corresponding control medium were then filtered 
and. the filtrate refrigerated at 2° C. for 26 days. The media were then 
retested and the same results obtained. When the filtrate was returned to the 
refrigerator for another 10 days and tested again, identical results were 
obtained. 

The culture media containing thiourea and the control media were then 
assayed for their toxicity to tomato seedlings. The toxicities of both control 
and inoculated media diluted by the addition of an equal part of distilled 
water were tested. A series of plants was also placed in vials containing dis- 
tilled water, to serve as controls. Further, mycelium taken from the test 
flasks containing thiourea was oven-dried and macerated in a mortar with 
quartz sand. The mixture was suspended in distilled water and filtered, and 
the filtrate was tested for toxicity. 

After three and one-half hours, all plants in culture medium which had 
been inoculated with Botrytis were completely wilted, i.e., stems, leaves and 
petioles lacked turgidity. Plants in diluted inoculated medium showed some 
wilt, but most plants were still turgid. Plants in control medium and in 
diluted control medium showed the slight wilt symptoms previously de- 
scribed. Plants in distilled water and in mycelial extract demonstrated no 
wilt symptoms. 

After 18 hours from the beginning of the experiment, the plants in the 
inoculated medium were completely wilted, as shown in Fig. 1. Test plants 
in control medium showed signs of slight wilt (Fig. 2), but appeared to have 
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Fig. 1. Tomato plants after 18 hours in Richards’ medium upon which Botrytis cinerea 
had been grown. 


changed little since the first observation. These plants in control and in- 
oculated medium were then transferred to distilled water. The plants in the 
other groups tested showed little or no change since the first observation. 

After 36 hours, plants that were transferred from inoculated medium to 
distilled water were completely wilted. The slightly wilted plants transferred 
from control medium completely recovered after removal to distilled water. 
Plants remaining in diluted inoculated medium and plants in mycelial extract 
were completely wilted. Plants in distilled water and in diluted control 
medium from the beginning were still turgid at the end of this test period. 

Since the results of the previous experiment were not in complete agree- 
ment with the results obtained by Ovcarov, the experiment was repeated 
(with the exception of the peptone series); in addition, the media were tested 
for urea as well as for thiourea. A series of 15 cultures was prepared as 
previously described and divided into 5 groups of 3 flasks each. In each group 
a different source of nitrogen was used in the medium. Two inoculated 
flasks and one control in each group were incubated for 37 days. The pH 
of the medium before inoculation and after incubation was determined with 
a Beckman pH meter, model G, with Mellvaine’s standard buffer-solution 
of pH 4.8. The presence of urea was determined by the urease test (1), except, 
of course, that the detection of urea in the presence of ammonium salts is 
not possible with this test. Table 2 shows the results of this experiment. 

At the end of the incubation period, the medium from each of the above 
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Fig. 2. Tomato plants after 18 hours in control Richards’ medium. 


flasks was filtered and tested for its toxicity. All the culture filtrates induced 
complete wilting of the test plants within 48 hours, although both urea and 
thiourea were absent from all but one of the flasks. No difference in the type 
of wilt or the wilting time could be detected between the medium containing 
urea and the media containing no urea or thiourea. Control media containing 
neither urea nor thiourea produced no wilt of test plants within 48 hours. 
Since up to this point in the investigation thiourea could be detected in 
only one case using unshaken cultures, a study was made of the possible 
effects of agitating the cultures. B. cinerea was grown on 50 ml. of Richards’ 
medium containing sodium nitrate in 250 ml. erlenmeyer flasks. Four experi- 
mental flasks and two controls were used and during the incubation period 
of five days these were constantly agitated on a shake-table operating at 48 
4-inch strokes per minute. A similar series was run unshaken as a control. 
At the end of the five-day period, the contents of each flask were tested for 
thiourea. Two of the inoculated cultures that were agitated were found to 
contain thiourea, and the remaining cultures, including the controls, gave 
egative results. After an additional 15 days of incubation and shaking, the 
cultures were retested; all the cultures on the shake-table, except the controls, 
were found to contain thiourea, while all the still cultures gave negative 
results. 
As the results of this experiment seemed to indicate that aeration of the 
medium was a factor in thiourea production, another series of cultures was 
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Table 2. Results of tests for urea and thiourea in cultures of B. cinerea grown on Richards’ 
medium with different nitrogen sources. 


5 H before | pH after | Test for 
Nitrogen SOBREZ en tation incubation Jestetongures thiourea 
See Fe |) ee ee ee ea EM nn 

s 3.6 2.5 no test made negative 
Ammonium sulphate ......... 3.6 2.6 AS) a 5 
3.4 4.4 negative » 
Sodium nitrate .................. 34 42 z j 
: 4.6 4.5 » > 
Glande ee 46 62 strongly positive ‘ 
= BE 2.3 no test made » 
Ammonium nitrate ............ 35 22 x R = | N 
’ 10 | 4.3 negative > 
ASDATA GED eee 40 43 £ x 


run under similar conditions. Eight experimental and two control cultures 
were incubated for 16 days on the shake-table and an equal number of still 
cultures was run simultaneously. Ali these cultures were in 250 ml. erlen- 
meyer flasks containing 100 ml. of medium. At the end of 16 days; medium 
from each flask was tested for thiourea, with negative results in all cases. It was 
then considered that since the flasks used contained twice the amount of 
medium as in the previous run, there was likely to be less movement of the 
medium and therefore less aeration and that this lessened aeration might 
account for the failure of the fungus to produce thiourea. Therefore, in order 
to allow for increased agitation of the medium, half of the medium and most 
of the mycelium was removed from four of the cultures on the shake-table. 
Also, two of the shaken cultures were transferred to liter flasks. Two of the 
still cultures were placed on the shake-table, and another two transferred 
to liter flasks and shaken. After an additional eight days of incubation, all 
of the cultures were retested for the presence of thiourea. Only one of the 
_twenty cultures tested contained thiourea. This culture was one that had 
been standing for 15 days and was simply placed on the shake-table for 
another 8 days of incubation. 

No further investigation of the production of thiourea by the fungus was 
undertaken. Tests were run nevertheless in order to determine the toxicity 
of thiourea. A concentration of 0.2 per cent and higher of thiourea in dis- 
tilled water produced a wilt in tomato seedlings within 48 hours. A 0.1 per 
cent solution of thiourea produced no wilt symptoms. It should be noted 
here that the wilt in plants induced by thiourea was primarily a leaf wilt. 
Stems of test plants were still turgid when all the leaves had completely 
wilted. This type of wilt differs from that produced by toxin-containing 
medium, which eauses both stem- and leaf-wilt in the plants tested. 
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Production of Toxin 


It was thought. desirable to determine the time required for maximum 
toxicity to develop in the fungus culture, and the relationship of the carbo- 
hydrate utilized and the pH of the medium to toxin production. In this con- 
nexion, one special consideration was the possibility that the development 
of toxin in the medium may have taken place after the utilization of all or 
most of the carbohydrate present, perhaps because of the autolysis of the 
fungus mycelium. Cultures of the fungus in which glucose was substituted 


Table 3. The relationship between toxicity, pH, and glucose utilization in different age 
cultures of Botrytis cinerea (see key below). 


Age (weeks) Culture pH Ser = et Toxicity 
1 C1 4.1 0.27 0 
c2 4.1 0.28 0 
El 4.4 0.80 ae 
E2 4.3 0.80 =f 
E3 4.1 0.90 +t 
2 C1 4.15 0.47 0 
C2 4.2 0.12 0 
Ei 4.9 0.64 ale 
E2 4.8 0.68 ae 
E3 4.2 1.03 Sera 
3 C1 4.2 0.08 0 
C2 4.2 0.23 0 
E1 3.15 2.30 +++-+- 
E2 4.4 0.71 +4 
E3 5.15 1.10 + 
4 C1 4.0 0.00 0 
C2 4.0 0.13 0 
El 4.9 1.20 +++ 
E2 4.55 1.02 +++ 
E3 3.5 1.54 a Li a 
5 C1 4.0 0.30 0 
C2 4.0 0.34 0 
El 5.04 0.98 cn 
E2 5.16 1.47 zn 
E3 4.8 0.90 +++-+ 
6 Cl 4.1 0.00 0 
C2 4.1 0.00 0 
El 3.4 2.51 ch 
E2 | 4.4 1.25 Sf 
E3 4.35 1.48 + + 


Key: C=control medium; E=inoculated medium; 0=no signs of wilt. in plants tested; 
+ — no stem wilt, but chlorosis, blackening, or complete wilt of leaves in all plants tested; 
++—stem wilt of fewer than half of the plants tested, leaves of all plants wilted; 
+++ =stem wilt of more than half of the plants tested, leaves of all plants wilted; 
++ ++ —both leaves and stems of all plants wilted. 
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Table 4. Glucose utilization and change in pH in cultures of B. cinerea over a period 
of 5 weeks. 
nS 

| Age of culture in weeks 


! Culture IE a Tr? = : =| 
| N 2 ES Pa Shell 
| | | 
oR REN, een chines teen ae OS a Fu: ET TT FO NS 
| Control | Giuedse utilized! ......... 0.26 | 0.20 0.29 0.30 0.30 
a DER All mie be pred 4.7 4.6 4:21) 9013193 
: | Glucose utilizedéss. | 0.0 | 0.40 0.84 144 | 1.89 
| 3 DEN ed Re: | 4.6 4.6 43 °-1 aes aes 
‘ Glucose utilized .......... 0.08 : 0.29 0.84 ı 13171381 
veh is poses or ae Se p> MAG ques 4.5 £1 SN) ER 
: Glucose utilized ......... | 0.08 06, |. 098 | STONE 
Ei yi VRR ERROR INN. ec ea a Ce es ren ea EE 
5 | Glucose utilized ......... dis. | O61 | 0.97 1.34 2.09 


1 Glucose utilized=initial concentration minus concentration found by analysis, grams 
per 100 ml. 


for sucrose were incubated for periods of one to six weeks with associated 
controls. At the end of the incubation period the medium was filtered and 
the pH determined. The reducing sugar remaining was quantitatively deter- 
mined polarimetrically on the basis of optical rotation by the method 
described in Browne and Zerban (8). Six readings of the polarimeter scale 
were taken for each determination and the average magnitude of the angular 
rotation used. The medium was also tested for its toxicity. The results of 
this work are included in Table 3 and are discussed later in the paper. 

Since the change in pH and the utilization of reducing sugar shown in 
Table 3 are based upon the analysis of different cultures of various ages, 
investigation was undertaken to note the changes in individual cultures over 
a similar period of time. Cultures were prepared containing 100 ml. of 
medium which contained 5 g. of glucose. Each week for 5 weeks a 25 ml. 
sample was removed from each flask and the amount of sugar present deter- 
mined as previously described. A volume of fresh medium was added to the 
cultures each time a sample was removed to maintain the original volume. 
As the amount of sugar in the sample removed was not equal to the amount 
in the fresh medium added, correction was made for this factor in cal- 
culating the sugar utilized by the fungus each week. Table 4 shows the 
results of the above experiment. 


Nature of Toxin 


Inasmuch as filtrate from inoculated, incubated medium which contained 
neither urea nor thiourea was found in the early experiments to contain a 
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toxic product, attempts were made to determine the chemical nature of this 
toxin. Cultures of the usual sort, with glucose as the carbohydrate source. 
were incubated for 30 days and the filtrate from these was found, as before, 
to contain neither urea nor thiourea but nevertheless to be toxic to tomato 
seedlings. 

A portion of the filtrate was evaporated to dryness in vacuo at 100° C. 
and the residue then redissolved in the original quantity of distilled water. 
Since the resulting solution proved to be toxic, it was concluded that the 
toxin was thermostable. 

The toxic medium was treated with an equal volume of 0.2N barium 
hydroxide to pericipilate out sulphates, phosphates, and presumably the salts 
of organic acids according to Wolf and Wolf (32). This treated medium was 
then filtered and the filtrate evaporated io dryness at 50°—60° C. in vacuo. 
The distillate collected proved to be non-toxic to test plants. The residue 
was dissolved in distilled water to its original volume and it proved to be 
toxic. The toxin was thus shown to be non-volatile. 

A test for aldehydes based on the catalytic acceleration of the oxidation of 
p-phenylenediamine by hydrogen peroxide was performed. No aldehydes 
were present. A test for methyl ketones based on the reaction with sodium 
nitroprusside showed no methyl ketones to be present. Both the aldehyde 
and ketone tests were performed according to Feigl (14). 

Determination of amino nitrogen in the medium by the method of Pope 
and Stevens (27) showed that no free amino nitrogen was present. 

Attempts were made to determine whether the toxin was a protein. Results 
of biuret and Millon tests were negative. The xanthoproteic test gave a posi- 
tive reaction, indicating that phenol groups were nitrated. The Acree-Rosen- 
heim formaldehyde reaction for tryptophane (Koch, 21) gave negative results. 

In order to test for the presence of lycomarasmin, the procedure of Plattner 
and Clauson-Kaas was used as outlined by Wolf and Wolf (loc. cit.). The 
test showed no lycomarasmin to be present. 

In an effort to determine whether the toxin was a polysaccharide, a sample 
of the medium was mixed with 2—3 volumes of ethanol and another with 
2—3 volumes of acetone. A precipitate formed in both cases, and the samples 
were centrifuged. The supernatant liquid in each case was pipetted off and 
evaporated to dryness at 30° C. in vacuo; the residues were redissolved in 
distilled water and proved to be toxic. The original precipitates were then 
dried and redissolved in distilled water; the resulting solution proved to be 
non-toxic. It was therefore concluded that a polysaccharide is not responsible 
for the wilt, and that the toxin involved is soluble in ethanol and acetone. 

Although nitrites and ammonium ions have been reported to be the toxic 
elements in the culture filtrate of other fungi, according to Wolf and Wolf, 
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no specific experiments were conducted with these compounds. It may be 
noted, however, that both ammonium ions and nitrates were present in 
control media previously tested and found to be non-toxic; the question of 
the toxicity of nitrites is still open. 

When a drop of 1 per cent calcium carbonate was added to twenty drops 
of culture medium, a cloudiness resulted. After several minutes, the toxic 
medium cleared up; the control remained cloudy. This would seem to indicate 
the presence of organic acids in the toxic filtrate. The toxic medium produced 
no color in ferric chloride solution, but produced rapid discoloration of 
potassium permanganate. According to Foster (16), these reactions indicate 
the probable presence of fumaric acid. No further study of organic acid 
production by the fungus was undertaken. 

In view of the positive xanthoproteic reaction reported above and the con- 
sequent indication of the presence of protein in the toxic medium, these puta- 
tive proteins were hydrolyzed. Prior to hydrolysis, reducing sugars were 
removed from the medium by making the solution mildly alkaline with 
0.1N sodium hydroxide and bubbling compressed air through the solution 
for one-half hour. The reducing sugars caramelized at the end of this period. 
This solution was then refluxed for 6 hours with 1ON sulphuric acid to 
which 1 g. of anhydrous copper sulphate was added as a catalyst. 

After hydrolysis, the biuret test gave a rose color, which is a positive 
indication of the presence of a lower protein. The lack of precipitation with 
trichloroacetic acid indicated the absence of long-chained protein molecules. 
A positive xanthoproteic test indicated that phenol groups had been nitrated. 
A ninhydrin reaction negative prior to but strongly positive after hydrolysis 
indicated that no free amino acids were present in the medium but were 
present after the breakdown of the protein. A strongly positive Folin-Cio- 
calteu test indicated the presence of tyrosine or tryptophane or both as con- 
stituents of the protein present. All these tests for proteinaceous compounds 
gave negative results with control medium. 

Paper chromatography of the hydrolyzed toxic and control media was 
carried out with the use of Whatman No. 1 strip filterpaper, according to 
the method of Consden, Gordon and Martin (10). Development was brought 
about with water-saturated phenol in one direction for 28 hours, and in the 
opposite dimension with collidine solvent for sixty hours. The method of 
Pratt and Auclair (28) was used to interpret the rate of flow (R,) values. 
The hydrolysate yielded the main components at R, values of 0.63 and 0:79 
units with phenol and 0.75 and 0.65 in the opposite direction with collidine. 


These values positively identified tyrosine and tryptophane as constituents 
of the hydrolysate. 
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The brown and yellow-brown ninhydrin spot-colors obtained showed that 
only two amino acids were present, viz. tyrosine and tryptophane. 

The results of the above analyses of the hydrolysate indicate that the 
fungus produces a short-chained, lower protein having phenolic group amino 
acids, namely, tyrosine and tryptophane. It remains to be demonstrated that 
this protein is responsible for the wilt caused by B. cinerea in plants. 

In an attempt to determine the toxicity of this proteinaceous compound, 
the author undertook the quantitative determination of amino acids present 
in the toxic medium. The toxic medium from 24-days-old cultures was used, 
and the protein present hydrolyzed by refluxing for 4 hours with 5N sodium 
hydroxide. The pH of the medium before hydrolysis was adjusted to 11.3 
by the addition of 10 ml. of 5N sodium hydroxide to 420 ml. of medium. 
After the hydrolysis, the pH of the hydrolysate was 6.05. During hydrolysis, 
the medium turned deep red in color because of the caramelization of the 
sugar present. Total amino acid present was determined colorimetrically by 
the method of Frame et al (17), as modified by the author. A standard curve 
was prepared from the analysis of known concentrations of amino acids, 
each solution containing equal amounts of tyrosine and tryptophane. A 
Hellige-Diller photoelectric colorimeter Model No. 400 with a 440 my filter 
was used in this work. The absorption of the material to be analysed was 
determined both with and without the color-producing reagent present in 
order to allow for the absorption resulting from the color of the medium 
itself. The difference in absorption was noted and the total amino acid 
present was determined from the standard curve previously prepared. The 
presence of sodium nitrate in the medium was found to interfere very slightly 
with the results. To counteract this, sodium nitrate was added to all solutions 
tested in an amount equal to that originally put into the culture medium. 
The toxic medium was found to contain approximately 30 mg. of amino 
acid per liter. 

Solutions containing tyrosine, tryptophane, and a 1 : 1 mixture of tyrosine 
and tryptophane were prepared with 30 mg. of total amino acid per liter of 
distilled water. Similar solutions containing 20 mg. and 40 mg. of total 
amino acid were also prepared. The toxicity of these solutions to. tomato 
seedlings was tested. After 96 hours, no toxic symptoms appéared. 

In order to test its toxicity, the protein produced by the fungus was 
prepared from the toxic medium. A 100 ml. portion of the medium was 
adjusted to pH 5.2 by the addition of sufficient 1N sodium hydroxide. The 
temperature of the medium was then reduced to — 5° C. by placing the 
flask containing the medium in a beaker of dry ice. Sufficient 95 per cent 
ethanol was then added to make the concentration of alcohol 27.6 per cent 
by volume, and the mixture was then refrigerated at 3° C. for 24 hours. 
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After this period, the medium was filtered, the precipitate redissolved in 
25 ml. of distilled water, the pH again adjusted to 5.2, and the protein 
reprecipitated as before. After drying, the precipitate was dissolved in 100 ml. 
of distilled water by warming to 46° C. for 48 hours. The necessary salts 
were then added to one-half of this 100 ml. solution to make it the standard 
culture medium used in this work, and the solutions of the protein in dis- 
tilled water and in culture medium were tested for their toxicity to both 
intact seedlings and seedlings with root systems cut off at the base of the 
hypocotyl under water. Control plants of both types were placed in distilled 
water and in culture medium. After 48 hours, no plants tested showed any 
signs of wilt. It was therefore concluded that this substance was not 
responsible for the wilt produced by B. cinerea. 


Discussion 


On the basis of the foregoing experimentation, it seems evident that Botry- 
tis cinerea Pers., when grown on Richards’ medium, produces a thermostable, 
non-volatile substance which induces a wilting of tomato seedlings. This 
substance appears to be produced at all times and was present in cultures 
in which the source of nitrogen was sodium nitrate, ammonium sulphate, 
ammonium nitrate, asparagin or gelation. In addition to this toxic product, 
the fungus is capable also of producing urea and thiourea, at least upon 
occasion, and the precise conditions necessary for the production of these 
latter substances remain unknown. 

When thiourea was produced by B. cinerea, it was upon media con- 
taining sodium nitrate or ammonium nitrate. The failure of Ovcarov to 
detect thiourea when sodium nitrate was used as the source of nitrogen for 
the fungus led him to believe that the production of this compound was 
influenced by the source of nitrogen in the medium. The experiments of the 
author have convinced him that this is not so. Attempts to find thiourea in 
cultures containing ammonium sulphate, peptone, gelatin or asparagin 
were unsuccessful, although Ovcarov reports the synthesis of thiourea in 
cultures containing these compounds (with the exception of peptone, which 
he did not use in his work). 

It was found that thiourea was produced more often when the cultures 
were agitated on a shake-table, although all cultures agitated did not produce 
thiourea. It is possible that the aeration of the medium may be a factor in 
thiourea production, although other factors seem to be in operation. It is 
possible that thiourea production is characteristic of a strain or of strains 
of the fungus. In their study of the mechanism of variation in the Imperfect 
Fungi, Hansen and Smith (19) point out that mass transfers of cultures of 
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B. cinerea result simply in separating either single strains or combinations 
of strains from the original culture. These workers were successful in 
isolating several strains of the fungus showing marked morphological dif- 
ferences. It remains to be demonstrated whether these strains exhibit physio- 
logical differences, and if so, whether in these differences there may be a 
possible explanation of the sporadic appearance of thiourea in cultures of 
the fungus. 

This same question may be raised with reference to the production of 
urea, which was found by the author in only one culture. The fungus was 
cultured in a medium containing gelatin, and the medium became a red- 
brown in color in contrast to the colorless medium in which no urea was 
present. The pH of the urea-containing medium was 6.2 after incubation; 
the culture of the fungus lacking urea had a pH of 4.5 after the same period 
of incubation. The toxicity of urea to green plants was not tested, but it is 
well known that the substance has a toxic effect upon certain plants. The 
toxicity of thiourea has been noted here, but since production of this com- 
pound was irregular and cultures not containing it were toxic nevertheless, 
it was assumed that neither thiourea nor urea is the principle factor in wilt 
induced by B. cinerea in tomato plants. | 

Studies on the time required for the development of maximum toxicity 
in cultures of B. cinerea showed that most cultures reach maximum toxicity 
in 4—6 weeks. This is in accord with the findings of Wolf and Wolf working 
with toxin production by Fusarium oxysporum var. Nicotianae. These authors 
suggest that this time-period may be explained by the statement of Luz 
(quoted) that toxin production seems to be related to the death of the myce- 
lium. In our cultures of B. cinerea, it appears that toxin production is related 
to carbohydrate utilization. Maximum toxicity was found to have developed 
as early as two weeks after inoculation in cultures in which a large amount 
of carbohydrate had been utilized; on the other hand, older cultures which, 
though inoculated from the same stock culture, had simultaneously utilized 
less carbohydrate showed less toxicity (Table 3). These results seem to 
indicate that toxin production is simply a factor of growth, i.e., the greater 
the amount of carbohydrate used up, the more growth, and, therefore, the 
more toxin produced. It is admitted, however, that since separation of the 
growing mycelium from the dead mycelium accumulating in a given culture 
was impossible, the hypothesis of Luz cannot be eliminated. The more rapid 
growth in a culture may also be accompanied by a more rapid deterioration 
of the older mycelium. 

The pH of toxic culture filtrates varied considerably, ranging from 3.15 
to 5.16 in medium containing sodium nitrate. The length of the incubation 
period did not seem to be a factor in this wide variation in pH, as indicated 
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in Table 3. The toxicity of the medium to plants is not directly caused by the 
pH of the medium, at least in the range examined, as is clear from an exami- 
nation of the pH of control media. The pH of cultures which had developed 
maximum toxicity ranged from 3.15 to 4.8. In some cases, the pH of the 
toxic medium differed from the control by one-tenth of a point or less. In 
a study of the differences in toxicity of inoculated cultures of the same age, 
it is interesting to note that the most toxic medium was always that with 
the lowest pH; this fact implies a relationship between toxin production and 
pH which may or may not involve a causative relationship. This situation 
was also observed by Feldman et al (15) in a study of toxin production by 
Ceratostomella Ulmi. There appears to be no correlation between pH and 
the amount of reducing sugar utilized, as shown in Tables 3 and 4. In a 
study of pH change in fungus cultures as shown in Table 4, it appears that 
the pH of the culture rises during the first two weeks of growth and then 
begins to drop off slowly. 

Chemical analysis of the toxic medium, which was undertaken in an 
attempt to isolate, if possible, the compound responsible for the wilting of 
test plants, has demonstrated that the toxin produced by B. cinerea is not an 
aldehyde or ketone and is not lycomarasmin. 

Although organic acids were probably present in the inoculated medium, 
no study of the toxicity of these products was made. The probable produc- 
tion of fumaric acid by B. cinerea has not been previously reported. A qua- 
litative and quantitative determination of the organic acids produced by the 
fungus and the possible toxicity of these products remains to be done. 

Although it was possible to precipitate a polysaccharide from toxic medium, 
this precipitate is not responsible for the wilting of tomato plants. 

Also, a lower protein found to be produced by the fungus did not produce 
a wilt in tomato seedlings at the concentration at which it was found in 
toxic medium (0.05 to 0.1 per cent). These results are not in accord with 
the findings of Hodgson et ai (20), who found that polysaccharides and 
other carbohydrate substances of high molecular weight induce wilting of 
tomato plants. It is possible that the concentration of these substances is an 
important factor in wilt producion. 

The question as to what single product of fungus metabolism, if any, is 
capable of inducing wilting of plants remains unanswered. It is possible that 
no one product, but an interaction of several metabolites, is responsible for 
the wilt. Further investigations of this problem should be undertaken. One 
should bear in mind, however, in any investigation of this type, that the 
production of toxin by a fungus in artificial medium does not necessarily 
explain the action of the fungus on its natural host. In the study of toxin 
production by other fungi, it has been shown that while the fungus is 
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specific to certain hosts, the toxin produced in vitro is not specific (30). 
Normally saprobic fungi have also been found to produce toxin capable of 
wilting living plants (30). Conversely, studies on toxin production by other 
fungi, namely Ceratostomella Ulmi (Schwartz) Buisman and Phytophthora 
cactorum (Lebert & Cohn) Schröter have led to the development of a chemo- 
therapeutic approach in the treatment of these vascular diseases (15, 9, 33). 


Summary 


1. An isolate of Botrytis cinerea Pers. from Exochorda, when grown on 
Richards’ medium, produces. a thermostable, non-volatile compound which 
is soluble in alcohol and acetone and is capable of inducing a wilt in tomato 
seedlings. 

2. Although the chemistry of this product is incompletely known, it is 
not an aldehyde or ketone and is not lycomarasmin. 

3. Although the fungus produces a polysaccharide and a lower protein, 
these compounds are not responsible for the wilt. 

4. In several cases, the fungus has been found to produce thiourea and 
urea; although these compounds are capable of wilting tomato seedlings, they 
are produced only upon occasion in vitro, and their presence is not required 
in the medium for wilt production. 

5. Greater toxin production seems to be related to the simultaneous rapid 
growth of the fungus, lowering of the pH of the medium and carbohydrate 
utilization. 

The author wishes to express his sincere appreciation to Profs. Walter H. Snell and 
Hubert J. Dyer for their encouragement and assistance throughout the progress of 
the research and in the preparation of the manuscript. The author is also indebted 


to Mr. Jerome Fredrick, biochemist, Kingsbridge Veteran’s Hospital, New York City, 
for the identification and isolation of the protein present in the toxic medium. 
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On the basis of the data concerning the nucleo-cytoplasmic relationship 
the suggestion seems justified that the nucleus exerts its influence on the 
cell by chemical means, by secreting essential substances into the cytoplasm, 
while an organized structural connection between the nucleus and cytoplasm 
does not seem to be necessary to support life, if we disregard the reproduction 
process. In our laboratory work we have found that, in Micrasterias, centri- 
fuging may sometimes result in an incomplete separation of the binucleate 
and enucleate daughter-cells, their protoplasts remaining connected by a 
thin strand of chloroplast. However thin this strand may be —- even if it 
is only faintly visible under the microscope — the binucleate daughter-cell 
strongly affects the development of the enucleate one. The cytoplasm of the 
latter remains normal and the lobes become more or less differentiated, even 
though the new semicells in this case eventually fuse into a middle section 
and become anomalous in form (Kallio 1949, 1951). An organized structural 
linkage between the nuclei on one side and the cytoplasm on the other side 
of the septum is here excluded and only a chemical influence seems possible. 

The above statements seem to justify an attempt to support the life of 
enucleate cells by chemical means, even though this should only prove 
to be possible to a very restricted extent. However, if we can in some way 
prolong the life of enucleate cells, it should be possible to draw some con- 
clusions concerning the nuclear and cytoplasmic functions. In anticipation 
the following conditions seem feasible: 
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1. The various nuclear functions are of different importance for the 
maintenance of life within given limits of time, so that the exclusion of 
certain functions leads to death earlier than does the exclusion of other func- 
tions. It should then be possible to prolong the life by a partial replacement 
of the former functions. 

2. Various factors which retard life phenomena in general may even delay 
the disintegration of protoplasm. Even chemical agents which are injurious 
in themselves can be expected to prolong life, provided they are able to slow 
down deleterious processes which otherwise would cause death earlier. 

3. The enucleate cells may be supplied with certain essential substances 
which they are unable to synthesize, as in the case of fungi exhibiting various 
nuclear deficiencies (cf. for instance Beadle 1948, Foster 1949, Fries 1949, 
Fries, Bergström and Rottenberg 1949). 

4. It may be possible to find chemical agents with effects similar to those 
of certain nuclear functions, even though not identical with them. For in- 
stance, the plasm colloids can by various means be caused to dissolve or 
coagulate, swell or shrink. 

5. It may be to some extent possible to reverse the decomposition of cyto- 
plasm into synthesis, particularly as the synthesis of high-molecular poly- 
peptides with proteolytic enzymes has succeeded in vitro (Virtanen 1950). 

It is natural that all attempts to support the life of enucleate cells must be 
based on our knowledge of their properties, especially of the cause of their 
death. On the basis of the data so far recorded the general properties of the 
enucleate cells can be summarized as follows (see references in Waris 1950 b) : 

The duration of life varies within wide limits depending on the species 
in question, the method of denucleation, and the environment. In Micraste- 
rias, under the ordinary culture conditions, it is only about 24 hours (Kallio 
1949, 1951; Waris 1950 b). In thread-like algae up to six weaks (Klebs 1887, 
Palla 1890, Gerassimoff 1893, van Wisselingh 1909, Hoffmann 1927, Kiister 
1936). In Basidiobolus ranarum a short time (Malkovsky 1923). In parts of 
pollen tubes several hours to a few days (Townsend 1897). In Acetabularia 
about one hundred hours on the average, seven months at the most (Häm- 
merling 1934, 1943). 

The capacity for growth is in many cases slight or doubtful, but in Aceta- 
bulariaceae it is amazingly high. Concerning the cell-wall formation both 
positive and negative observations have been reported. Differences have been 
observed in the behaviour of chloroplasts and cytoplasm, in turgor, and in 
the general resistance to external agents, in particular to parasites. Changes 
in permeability have not been directly established. Transplantations between 
nucleate and enucleate parts of the same or different species have been 
carried out with Acetabulariaceae, Special experiments with the purpose of 
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' prolonging the life or affecting the form of enucleate cells by chemical means 
do not seem to have been made. 

The present work aims at elucidating these questions. The experiments 
have been carried out with Micrasterias Thomasiana Archer, for the most 
part with var. notata (Nordst.) Grönblad, but also with the type form, and 
with M. rotata (Grev.) Ralfs. The type form of M. Thomasiana differs from 
var. notata in being more rectangular-oval in front view, and its isthmus 
is less elongated at the end of prophase (cf. also Krieger 1939). The enucleate 
cells have been produced by centrifuging (Kallio 1949, 1951; Waris 1950 b). 


The General Properties of the Enucleate Micrasterias Cells 


The characteristic form of the enucleate cells of M. Thomasiana var. notata 
and M. rotata has been described in previous papers (Kallio 1949, 1951; 
Waris 1950 b). Later also the type form of M. Thomasiana has been cultivated 
and denucleated, and its enucleate cells have been found to develop new semi- 
cells that are similar in form to those of var. notata (fig. 1, 2). 

The first outward sign indicating that the centrifuging has given rise to 
an enucleate and binucleate daughter-cell is a retardation of the growth of 
the former, the difference in the size of the new semicells becoming per- 
ceptible already within one hour after the septum is complete, or 1—1 }/, 
hour after centrifuging at metaphase. The number of lobes characteristic of 
the enucleate cells of the species investigated — in M. Thomasiana five or 
three, in M. rotata only three — never increase by further differentiation. 
There is a remarkable difference in the growth of polar and lateral lobes 
as the growth of the former in almost all cases soon comes to a standstill, 
whereas the latter still continue to grow until one of them eventually bursts. 
Under the ordinary culture conditions this happens within about 24 hours. 
Thus the growth of the polar lobe seems to be more dependent on the presence 
of the nucleus than is the case with the lateral lobes. In M. Thomasiana, the 
new semicell developing in the absence of the nucleus may attain the width 
of the old one within six hours and then it usually continues to enlarge as 
described, while the growth of the binucleate daughter-cell comes to an end 
within about eight hours. 

The most important consequence of the enucleation is without any doubt 
the demixing of the cytoplasmic components which leads to vacuolization 
and granulation, as a result of which the cytoplasm obtains a coarse appear- 
ance in comparison with the binucleate daughter-cell, the difference becoming 
apparent within a few hours. From the general vacuolization there may be 
distinguished a primary vacuole, usually a relatively large and simple one, 


390 HARRY WARIS 


which often appears soon after centrifuging and may correspond to the site 
of the lacking nucleus, indicating that the connection between the cytoplasmic 
elements has been severed. As the new semicell of the enucleate cell increases 
in size, the vacuoles increase in number and later enlarge by fusion. Even- 
tually there may be only one or a few large vacuoles filling the major part of 
the semicell, while the cytoplasm forms only a thin outer layer and a few 
thick portions with some well-defined and rounded denser parts. A striking 
characteristic of the enucleate cells is the relatively rapid plasm flow, while 
in the binucleate daughter-cell the flow slows down as the new semicell 
becomes full-grown. 

Other features characteristic of enucleate cells concern the chloroplasts. 
Already within a few hours from the time of centrifuging these become more 
bluish green in colour as compared with the binucleate daughter-cells. Later 
on the boundaries of the chloroplast become more distinct and the whole 
chloroplast contracts and withdraws from the cell-wall. 


Cell-wall 


From the fact that the enucleate cells grown in the ordinary nutrient 
solution always die by bursting and from other observations concerning the 
structure and behaviour of the new cell-wall, it is evident that this is 
weaker than the old one. It gives no cellulose reaction with zine chloride 
and iodine, or, at the most, only a weak bluish colour develops. When com- 
pared with nucleate cells, the pectic component of the cell-wall seems to be 


l and 2: M. Thomasiana main form. 3, 5—18, 20—22, 24—27 M. Thomasiana v. notata. 
4, 19 and 23 M. rotata. a=binucleate, b=enucleate, n=normal uninucleate cell. Time 
reckoned from the time of centrifuging. 

1. 61/2 hours. Phase contrast 190 X. — 2. The same as bin 1, 21 !/2 hours. — 3. b stained 
with ruthenium red, thickening lenses dark. 130 X. — 4. b stained with ruthenium. 130 X. 
— 5. a 19 hours, 4 °/o glucose. 370 X. — 6. b the sister-cell of the former. In the pectic 
layer the remnants of the three plasm strands visible. — 7. a and b 9 hours, 4 hours with 
2 %o alanine. In b the new semicell filled with pectic substance, three plasm strands 
visible, 325 X. — 8. n, with 0.22 mols/litre DL-valine. Plasm strands. Phase contrast 380 X. 
— 9. n, with 1 °/o pectin at pH 6. 138 X. -— 10. a and b treated with potato tuber, septum 
in the isthmus. 5 days. 160 X. — 11. Same as a in 10, age 26 days. The new semicell has dis- 
appeared. — 12. b of a diploid strain, treated with potato tuber, lived for 48 hours. 136 X. 
— 13--14. With 0.1 ce./litre ethylene glycol. 136 X. — 15—17. With 0.1 ml./litre pro- 
pylene glycol. 136 X. — 18. b with 1 mg/litre 2,4-dichlorophenoxyacetic acid. — 19. With 
1 mg/lite 3-indole-3-acetic acid, 24 hours, — 20. b with 1 mg/litre B-indole-8-acetic acid. 
24 hours, 115 X. — 21—22. b with 1 mg/litre B-indole-3-butyrie acid. 120 X. — 23. n with 
10 mg/litre %-indole-3-butyrie acid. 130 X. — 24. b with 0.2 mg/litre acetylcholine iodide. 
140 X. — 25. b with 0.5 mg/litre acetylcholine iodide. 133 X. — 26. b with 0.1 mg/litre 
thymonucleic acid. 140 X. 27. With 10—4 mols/litre KCN. 140 X. 
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greatly increased and appears often as lens-formed thickenings at the lobe 
ends, for the main part in the lateral lobes (fig. 3, 4, 26). When the new 
semicells continue to enlarge, the outer layers of the lenses are severed and 
remain attached to the lobe ends like scales. Sometimes a thin inner membrane 
of about one micron in thickness is formed that has not been found to give 
cellulose nor pectin reactions. The thick layer is colourless and gelatinous, 
is swollen by ammonia and shrunk by acetic acid. It is stained red by 
ruthenium red (fig. 3, 4), orange by saffranine, and violet by methylene 
blue, which reactions are known to be characteristic of pectin. Thus one 
would believe that it really consists of a pectic substance although the colour 
reactions alone are not decisive (van Wisselingh 1924, Ehrlich 1932, Bonner 
1936, 1950). 

The pectin-like membrane substance of the enucleate cells can be arti- 
ficially caused to increase greatly in quantity. Also nucleate cells can be 
forced to form a similar substance. This is the case when young daughter- 
cells at the bulge stage are transferred to a nutrient solution containing 4 
per cent glucose, which is near the plasmolysing concentration limit 
(fig. 5, 6). Then the new semicells cease growing and their cell-walls become 
greatly thickened by adding on a gelatinous layer. In enucleate daughter- 
cells, the new semicell usually becomes entirely filled with the pectin-like 
substance (fig. 7b) which often penetrates even into the isthmus side of 
the old semicell. Thus it cannot be a question of a mere swelling of the original 
membrane. In nucleate daughter-cells, the cytoplasm usually remains pro- 
truding into the new semicell or later enters it again, and forms a new cell- 
wall of a semisolid consistency inside the thick gelatinous layer. The latter 
usually continues to swell and attains within 24 hours a thickness of about 
30 pu; after 1—2 days it is hardly visible. At the beginning this layer is 
enveloped by a very thin (about one micron at the most) outer layer of a 
more solid consistency which ruptures when the inner layers continue to 
swell (fig. 5). Nucleate cells thus show at a high (4—5 °/o) glucose concentra- 
tion a stratification of the membrane layers: outermost a very thin (about 
one micron) layer of a relatively solid consistency, then a thick, continuously 
swelling jelly-like layer, and an inner layer of about the same appearance 
as the normal cell-wall under ordinary culture conditions. This indicates 
that during the development of the new semicell the chemical processes 


occurring whithin the cell have changed. First there are formed — with 
the exception of the very thin outermost layer — substances which at high 


glucose concentrations are probably transformed into pectic substance, and 


then a cell-wall of the normal consistency, probably mostly composed of 
cellulose. 


It must be emphasized that in Micrasterias the whole process of cell-wall 
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formation is confined to the division stage and is greatly dependent on 
nuclear action. Only young daughter-cells with growing new semicells are able 
to form new membrane substance, and this power decreases as the new 
semicell enlarges. There is a striking difference between the nucleate and 
enucleate cells in their power of cell-wall formation when plasmolysed at 
the bulge stage. The former always form a new cell-wall, while the latter 
do not. 

It is of interest that various amino acids have a similar effect as glucose 
when employed in a concentration corresponding to 4 per cent glucose, i.e. 
about 0.22 M. Thick gelatinous layers have been obtained with DL-alpha- 
alanine-, beta-alanine, DL-phenylalanine, DL-leucine, DL-valine (fig. 7, 8). 
At lower amino acid concentrations, e.g., 0.084 M DL-leucine or DL-phenyl- 
alanine, only lens-formed thickenings appeared at the lobe ends. The pectin- 
like membrane layers of nucleate cells caused artificially by glucose or 
amino acids stain red with ruthenium red as do the new cell-walls, in parti- 
cular the lens-formed thickenings of the enucleate cells. Their swelling, 
which in a 4 per cent glucose solution continues until their disappearance, 
can be prevented by transferring the cells to 0.1 M calcium chloride solu- 
tion, which sometimes causes the gelatinous layer to shrink a little. This is 
not at variance with the assumption of a pectic substance, since, for instance, 
calcium pectate is insoluble in water. The continued swelling of the pectin- 
like substance in the presence of glucose at a low calcium concentration 
indicates that this substance is converted from a less soluble to a more 
soluble form. 

It should be possible to prove the pectic character of the gelatinous layer 
with the aid of pectic enzymes (references in Foster 1949, Kontio 1950). 
Some experiments made with purified pectinase prepared by Kontio from 
Aspergillus niger cultures failed, as the gelatinous layer effected with glucose 
did not liquefy in the M-solution, but did liquefy when the enzyme was 
dissolved in distilled water, even when the solution was boiled. 

Indirect evidence in favour of the assumption of the pectic character of 
the gelatinous cell-wall is further provided by experiments in which nucleate 
cells were allowed to develop their new semicells in the presence of pectin 
(1 °/o), the reaction of the solution being adjusted with sodium hydroxide 
to pH 6. The new semicells assumed a simple form resembling that of 
enucleate semicells, and the cells died in the same manner by a rupture of 
the new semicell, which indicates that the cell-wall, and probably even the 
plasm membrane, was weakened (fig. 9). 

The formation of a cell-wall in the isthmus which divides the protoplast 
into two parts is an essential part of the normal cell division and is almost 
exclusively confined to full-grown cells. Its site in the isthmus is predeter- 
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mined by the cytoplasmic architecture (Waris 1950 b, Kallio 1951). It would 
thus be of great interest if one could succeed in forcing the enucleate cells 
to form a septum in the isthmus. Since it does not seem easy to find well- 
defined substances capable of inducing septum formation, various plant 
juices were tested for this power. In all cases the treatment inhibited the 
growth even when the juice was that of normal Micrasterias cells, and in 
one case only was a septum formed in the enucleate as well as in the binucleate 
daughter-cell under the influence of a potato tuber (fig. 10, 11). 

The experiment was carried out by placing the cells at bulge stage into a small 
cavity bored in the tuber. They were allowed to remain thus for 15 hours and 
were then transferred to the M-solution on a watch glass. About 24 hours later a 
septum was observed in both daughter-cells. The enucleate cell lived for 8 days in 
all and the binucleate cell for 3 1/2 months without developing any further. The 
primary cell-wall had a gelatinous outer layer which swelled out and disappeared 
in both cases, and in the binucleate daughter-cell the new semicell separated by the 
septum died and eventually disappeared, being destroyed by bacteria (fig. 11, 26 days 
from centrifuging). Unfortunately numerous attempts to repeat the experiment did 
not succeed. Nevertheless the case is quite clear and it remains as a fact that an 
enucleate cell can be caused to form a septum in the isthmus which divides both the 
protoplast and the chloroplast. 


The Cytoplasmic Framework 


It was suggested in a previous paper (Waris 1950 b) that the cytoplasm 
of a desmid cell possesses a relatively stable framework which serves as a 
basis for the formation of the new semicell. This framework was supposed 
to include axes corresponding to the main lobes of the semicell. This idea 
was accepted and discussed in detail by Kallio (1951). The existence of the 
cytoplasmic axes has later been proved by direct observation. 

If young daughter-cells of Micrasterias, nucleate or enucleate, are forced 
to thicken their cell-wall with pectin-like layers by transferring the cells at 
bulge stage to a 4 per cent glucose solution as described above, the cytoplasm 
withdraws from the new semicell and in most cases leaves three residual 
strands, or at least enlarged ends of them, embedded in the gelatinous layer. 
They evidently correspond to one polar and two lateral lobes, as the polar 
residues of both daughter-cells lie exactly opposite each other (fig. 7; 8). The 
three residual strands or their ends may remain visible even after the 
pectin-like layer has swollen into a large lump (fig. 6). They are often more 
clearly visible in enucleate cells than in nucleate cells, which may be due to 
the more simple structure in the former. 

The differentiation of the cytoplasm into axes corresponding to the main 
lobes and preceding the development of the latter is also evidenced by the 
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formation of the lens-formed thickenings at the lobe ends. If the further 
development of the new semicell is prevented at the rounded bulge stage, in 
most cases five lenses will be formed at points corresponding to the lobes, 
particularly the lateral ones (fig. 3). Irregularities may also occur, e.g. neigh- 
bouring lenses may fuse together. If the development is prevented at an 
earlier stage, the cell-wall will thicken evenly all over. 


Plasm Membrane 


It is known that various factors may cause changes in permeability (cf. 
the review by Collander 1937). That these factors even involve age and stage 
of development has been shown by Weber (1931) and Lothring (1942) with 
desmids and other algae, and by Marklund (1936) with phanerogams. The 
author has shown previously (Warén 1933, Waris 1939) that the early 
development stages of Micrasterias cells are much more sensitive to certain 
solutes, particularly to hydrogen ions, than the full-grown cells. The question 
arises whether the enucleate cells of Micrasterias display any difference in 
permeability or resistance to solutes in comparison with nucleate cells. In 
Spirogyra, Hoffmann (1927) could not find any definite difference in the 
permeability of the nucleate and enueleate cells owing to the great individual 
variations in each group. 

It would be of interest to know whether the enucleate cells exhibit an 
increased permeability to small molecules indicating an increased ultra-filter 
action. Since various cells have been found to display differences in their 
permeability to urea (Weber 1931, Marklund 1936, Collander & Wikström 
1949), the author made some experiments concerning the behaviour of the 
nucleate and enucleate cells of M. Thomasiana (type form) towards this 
substance. The experiments do not indicate that the enucleate cells of Micras- 
terias are more permeable to urea than the nucleate cells. A few experiments 
were made with formamide, which is considered by Collander (1949) to be 
a moderately fast permeating substance indicating an ultra-filter action. 

An enucleate (en.) and a binucleate (bin.) daughter-cell of M. Thomasiana var. 


notata at the age of 17 hours from the time of centrifuging were treated in the 
following ways (the substances were added to the M-solution, 0.28 M sucrose being 
plasmolysing) : 

a) 0.28 M sucrose — transfer to 0.28 M formamide. 

b) 0.28 M sucrose — transfer to 0.28 M sucrose + 0.28 M formamide. 

Result. a) Two pairs treated: 1. Deplasmolysis in bin. within 4 min., in en. within 
53 min., in both cases with fatal results. 2. Deplasmolysis in bin. within 26 min., 
in en. after 32 min. When transferred to 0.28 M sucrose, bin. was plasmolysed but 
en. did not and was apparently damaged. b) Both daughter-cells remained plasmo- 
lysed and alive for more than 3 1/2 hours. 
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On the basis of the few experiments reported one is not inclined to believe 
that the permeability of enucleate cells to formamide is greater than that 
of the nucleate cells. Formamide, when added to the M-solution, is evidently 
injurious, but when administered together with sucrose, a protecting effect 
of the latter must be taken into consideration. Thus it is hardly possible to 
distinguish between resistance and permeability to formamide. 

Other experiments, however, have revealed characteristic differences in 
the resistance to certain solutes not only between the nucleate and enucleate 
cells, but also between the different stages of development of each. This is 
particularly evident from numerous experiments in which ethylene glycol 
was added to give a plasmolysing concentration (4 cc. ethylene glycol, 96 cc. 
M-solution). The results may be summarized as follows. 

The Micrasterias cells undergo in the course of their development con- 
siderable changes with regard to their resistance to ethylene glycol. At the 
early stages of development, when the new semicells still have the form of 
rounded bulges, there is no great difference between nucleate and enucleate 
cells, both being relatively resistant to ethylene glycol (the cells may remain 
alive in the solution for more than 25 hours). Later on, when the nucleate 
cells are just forming their outermost lobes, which usually takes place 4—5 
hours after division, they become extremely sensitive to ethylene glycol, 
being in most cases seriously damaged within several (1—20) minutes, while 
the enucleate cells of the same age are still resistant (the latter lived for more 
than 40 minutes, in some cases even more than 24 hours). Full-grown and 
internally mature nucleate cells more than 24 hours old are quite resistant 
to ethylene glycol and are able to live in its presence for several days (in one 
case for 14 days), while the enucleate cells of the same age, which are then 


at the end of their usual period of life, are immediately damaged and die 
shortly afterwards. 


Factors Affecting the Duration of Life 


Since the enucleate Micrasterias cells live for only about 24 hours in the 
ordinary nutrient solutions at room temperatures (18—20° C), a prolong- 


ation of life to two or three days can already be regarded as due to some 
favourable factor. 


Temperature 


The desmids do not grow well at temperatures much above 20° C (Waren 
1926, Kallio 1951). Even on general physiological grounds it was to be 
expected that a lowering of temperature would prolong the life of enucleate 
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cells, and this was found to be true. Enucleate cells of M. Thomasiana (type 
form) remained alive in the ordinary nutrient solution for three days at 
temperatures between 7 1/2—9 1/2° C, and at lower temperatures in the pre- 
sence of special chemical agents for a longer time (cf. the effect of calcium). 


Oxygen 


When enucleate and binucleate daughter-cells of M. Thomasiana var. notata 
were transferred at the bulge stage to an M-solution previously boiled and 
cooled under a layer of liquid paraffin, both developed new semicells of 
simple form and diminished size. In the enucleate cells the new semicells 
assumed the form of lobeless bulges, lens-formed gelatinous thickenings 
appearing at the points corresponding to the lobes. The enucleate cells lived 
for only about 24 hours, some of the binucleate cells for more than two days. 


Chemical Compounds 


Various chemical compounds of biological interest were tested in order to 
find substances capable of supporting the life of enucleate cells, or at least 
of influencing the cells in a way which could possibly give some hints for 
future investigations. Since the enucleate cells were found to display a 
mechanical weakness of the cell-wall and a decreased resistance of the plasm 
membrane to solutes, it was expected that various agents capable of streng- 
thening the cell-wall and the plasm membrane might be able to prolong their 
life. Furthermore, life-supporting effects could be expected of various sub- 
stances counteracting the disorganization of cytoplasm indicated by the 
granulation and vacuolization. 

Hydrogen ion concentration. In the ordinary culture solution used for 
M. Thomasiana, a pH near 6 has proved most favourable. Increase of pH to 
7.3 (with disodium phosphate), to 8 with ammonia or tetramethylammonium- 
hydroxide, and to 9 with ammonia, had an injurious effect. The enucleate 
cells died in all cases within 18—-20 hours, whereas their binucleate daughter- 
cells remained alive at pH 7.3 and at 8 when the latter value was adjusted 
with the quaternary ammonium base, but not in the case of ammonia. That 
the weak base ammonia is more injurious is explainable by its greater per- 
meating power. The pH was determined with the Beckman glass-electrode 
pH-meter; the possible error is 0.1 unit at the most. Lower pH values were 
tested in connection with the following experiments. 

Calcium. On the basis of previous investigations (Warén 1933, Waris 1939), 
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it was expected that the calcium ions at.suilable concentrations w ould have 
a protective effect on the enucleate cells of Micrasterias. This proved to be so. 

Enucleate and binucleate cells of M. Thomasiana v. notata were trans- 
ferred at bulge stage to a solution 0.1 molar in calcium chloride and 10-* N 
in hydrochloric acid, corresponding to pH 4. The enucleate cells lived about 
24 hours at the most, while the binucleate cells remained alive for a longer 
time. In all cases the new semicells were stunted in growth and pectic 
thickenings of the cell-wall appeared, and in some cases the new semicell 
was completely filled with the gelatinous substance. It once happened that a 
binucleate cell formed a new septum in the isthmus. 

With M. Thomasiana v. notata, an increase in the calcium ion concentra- 
tion of the ordinary culture solution to 0.05 or 0.1 M by adding cal- 
cium chloride inhibited the growth of the new semicells but prolonged the 
life of the enucleate cells, often to about 3 days at room temperature, and 
to 6—10 days when the test tube containing the cell was kept in ice water. 
Strong calcium chloride solutions furnished the most simple and effective 
means of extending the life of enucleate cells. At a concentration of 0.05 
or 0.1 M they lived up to 10 days at room temperature, in most cases, how- 
ever, 9 days. 

Dilute solutions of calcium chloride at the concentration of 10—* or 10—* M 
prolonged the life of enucleate cells to 3 days with M. Thomasiana v. notata, 
and to 6 days with M. rotata. In these solutions both species displayed a 
striking difference in behaviour, the new semicell of the former being able 
to enlarge to a considerable extent, while those of the latter were inhibited 
in growth. This inhibition was prevented if magnesium or potassium chloride 
was added to give a concentration equal to that of the calcium salt, the lobes 
of the new semicell developing better in the case of magnesium. 

The preserving effect of the calctum ions on-enucleate cells is not con- 
fined to the pectin-like cell-wall, but also the plasmi membrane becomes 
more resistant to various other solutes. This has been established for n-amyl 
alcohol, n-butyl alcohol, acetic and butyric acid, and phloroglucinol, the 
injurious effect of which can be largely prevented by an addition of 0.05 
or 0.1 M of calcium chloride. The preserving effect involves a decreasing 
of the tensibility of the plasm membrane, since cells which have been plas- 
molysed with strong calcium chloride solutions readily burst when trans- 
ferred to a dilute solution. It seems that the injury by ethylene glycol is not 
due to a direct effect on the cytoplasm, but to a damage to the plasm mem- 
brane in such a way that its semipermeability is destroyed. The reversion 
of plasmolysis and the behaviour of the cytoplasm indicate that glycol enters 
the cell even when calcium salt is added. Consequently the plasm membrane 
is mainly responsible for the resistance. It is difficult to make a distinction 
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between permeability and resistance to glycol as this substance alters the 
plasm membrane. 

Monohydric alcohols. The amyl and butyl alcohols seemed interesting 
owing to their high surface activity. The enucleate cells of M. Thomasiana 
v. notata were found to be much more sensitive to amyl alcohol (1 ml. per 
litre M-solution) than the nucleate cells, the former dying within less than 
24 hours while the latter were able to live for several days. The damage was, 
however, effectively prevented if calcium chloride was added in the con- 
centration 0.05 or 0.1 M. The enucleate cells then were able to live for 3 
days at room temperature and for 6—19 days when the test tube containing 
the cell was kept in ice water. The latter duration of life was the longest 
attained with enucleate cells. At the beginning the alcohol increases the 
plasm flow. Later on a contraction of the chloroplast and other signs of 
injury follow. 

In an M-solution containing 0.1 ml. n-butyl alcohol per litre and 0.1 M in 
calcium chloride an enucleate cell of M. Thomasiana v. notata remained alive 
for 10 days, but its binucleate sister-cell for only 7 days. Thus it may happen 
that the enucleate cell withstands the influence of alcohol better, but this is 
not always so. 

Phenols. Phloroglucinol added to the M-solution in low concentrations 
(0.003 to 0.00003 M) allowed the cytoplasm of the enucleate cells to persist 
in a homogeneous and lively flowing condition for a longer time (up to 21 
hours) than without this addition, but did not, however, definitely prolong 
the life of the cells. When calcium chloride was present in the concentration 
0.05 M, the enucleate cells lived in 0.0028 M phloroglucinol for 2—4 days. 

Fatty acids. Full-grown nucleate cells withstand well an addition of the 
lower fatty acids, acetic and butyric acid, at concentrations of 0.002 M, 
whereas young development stages are sensitive to these acids. When calcium 
chloride was present at 0.1 M, the enucleate cells continued to live for 8—10 
days. Butyric acid noticeably maintained the homogeneous condition of the 
cytoplasm. 

Sugars. An addition of 4—5 per cent glucose may contribute to support 
the homogeneous condition of the cytoplasm of enucleate cells and may even 
prolong their life by several (1—4) days. The development of bacteria, yeasts 
and molds, however, does not permit a prolonged culture. 

Amino acids. It is remarkable that the amino acids, even when present 
in concentrations which clearly promote the growth of nucleate cells, were 
not found to support the life of enucleate cells nor to cause any further dif- 
ferentiation of their form. It should be noted that a beneficial effect should 
already appear within 24 hours, before the bacteria have time to disturb the 
result. 


26 
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Purines. Caffeine, when added in the concentration of 0.01, 0.05, or 0.1 
per cent to the nutrient solution, evidently stimulated the plasm flow and 
permitted the enucleate cells of M. rotata to remain alive for 3—4 days, 
those of M. Thomasiana var. notata for only about 2 days. One of the most 
interesting results was obtained with caffeine. An enucleate cell from a 
diploid strain of M. Thomasiana var. notata, in which, about 3 hours after 
centrifuging, the plasm flow had ceased and the vacuolar surfaces had 
stiffened indicating approaching death, was brought to life again by 
transferring the cell to an M-solution containing 0.1 per cent caffeine. The 
effect was not perceptible within one hour, but on the following day, 20 
hours later, the cytoplasm was found to flow lively and even the chloroplast 
had assumed its normal appearance. 

With other purines, i.e. xanthine, hypoxanthine, adenine and theobromine, 
and with the pyrimidine base thymine, no prolongation of life was obtained, 
but some formative effects were observed. 

Nucleic acids. Since the nucleic acids are supposed to play a central part 
in the life phenomena concerned with nuclear action and the nucleus and 
cytoplasm are known to contain different acids of this type (cp. the review 
by Euler 1948), it seemed of interest to find out whether an addition of 
nucleic acids would support the life of enucleate cells, although the circum- 
stance that one is compelled to administer to the cells foreign nucleic acids 
from the outside does not allow one to expect much success. Thymonucleic acid 
was added to the nutrient solution to give concentrations of 0.455, 0.1, 0.01 
and 0.001 per cent at pH 4.9—6.7 (adjusted with sodium hydroxide). No 
appreciable prolongation of life was achieved, the cells remaining alive for 
less than 2 days, but growth-promoting effects were observed instead (cf. 
formative effects). Ribonucleic acid from yeast did not give any better results. 

Vitamins and enzymes. Experiments in which the vitamins thiamine, ribo- 
flavine and nicotine amide were added to the nutrient solution either alone 
or in combination with amino acids or glucose have not so far led to posi- 
tive results, nor have the experiments with diastase. 

Adenosine triphosphate, which is considered to play an important part in 
the transfer of energy in living cells, did not prolong the life of enucleate 
cells when added to the nutrient solution either alone or with dl-alanine. 

Specific enzyme inhibitors. Potassium cyanide was tested with regard to 
its inhibiting effect on the catalytic processes induced by heavy metals (War- 
burg 1928). At 10°, 5- 10%, 10-* and 105 M the enucleate cells died within 
24 hours while the binucleate cells were still alive, except at the highest 
concentration. Both the enucleate and binucleate cells were able to form new 
semicells, the sizes of the latter being, however, relatively small at the strongest 
concentration. It was remarkable that at 10-* M the enucleate cell became 
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greatly enlarged, while its binucleate sister-cell stopped growing when rela- 
tively small in size (fig. 27). The result indicates a chemical difference in 
growth in both cases. 

Sodium bisulphite and sodium iodoacetate have been used as inhibitors 
of several enzymes (Baldwin 1947, Parpart 1949). With iodoacetate inhibi- 
tion of growth has been observed without a marked reduction of the respira- 
tion (Thimann, in Parpart 1949). In 10-* M bisulphite solution an 
enucleate cell died within 24 hours and revealed irregularities in shape, while 
its binucleate sister-cell developed almost normally. Iodoacetate at concentra- 
tions of 0.002, 0.001 and 0.0005 per cent allowed the enucleate cells of 
M. Thomasiana var. notata to develop new semicells with enlarged lobes, but 
did not prolong their life, while the binucleate cells were somewhat inhibited 
in growth. Fluorides are known to be substances inhibiting catalase and 
enolase, for instance (Baldwin 1947), and may like iodoacetate inhibit the 
growth (Thimann, l.c.). Enolase requires the presence of magnesium and is 
extremely sensitive to fluorides. In a solution 10~* M in ammonium fluoride 
and in 10? M in calcium chloride, the nucleate and enucleate cells died 
within 18 hours, the form of the semicells being markedly affected. The 
result could possibly be connected with the role of magnesium in the develop- 
ment of the new plasm membrane and cell-wall. 

Auxin-like substances. With G-indole-3-acetic acid, 1 or 10 mgjlitre, the 
enucleate cells of M. rotata lived for 1—4 days, those of M. Thomasiana v. no- 
tata for 1—3 days. With ß-indole-3-butyric acid the former lived at con- 
centrations of 0.5, 1, 2 or 3 mg/litre for less than 2 days, at 20 mgjlitre for 
3 days. Thus in several cases the life was prolonged to some extent. 


Formative Effects 


In enucleate cells the formative effects are confined to the promotion or 
inhibition of the growth of the new semicells, the lobes of which may in the 
former case become more or less elongated or otherwise enlarged, but never 
multiplied. In by far the most cases only the lateral lobes can be induced 
to enlarge considerably, while the polar lobes remain short. The upper lateral 
lobes are more liable to elongate than the lower ones. This is connected with 
the fact that in binucleate and diploid cells, and also in the defect mutation 
cells, it is the upper lateral lobes that are particularly liable to duplicate 
(cf. Kallio 1951). These findings give further evidence for the cytoplasmic 
basis of the morphological differentiation. 

If only the lower lateral lobes become elongated, a figure may result 
which has a striking resemblance to a hawk in flight (fig. 20). If the upper 
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and lower lateral lobes partly fuse together, the new semicell may resemble 
a butterfly (fig. 17 b, 22, 24, 25). The new semicell may even enlarge without 
forming lobes. 

The following substances have been found to promote considerably the 
enlarging of lobes at suitable concentrations: Ethylene glycol in the propor- 
tion of 1 ml. to 10 litre (fig. 13, 14); propylene glycol in the same proportion 
(fig. 15, 16); dioxane, 1 ml. to 1000 or 10000 litres; ß-indole 3-acetic acid, 
1 or 10 mgjlitre (fig. 19, 20); G-indole 3-butyric acid, 1 mgjlitre (fig. 21—23); 
2,4-dichlorophenoxyacetic acid, 1 mgjlitre (fig. 18); sodium iodoacetate, 5— 
20 mg/litre; acetylcholine iodide 0.2 mgjlitre (fig. 24, 25); histamine bichloro- 
hydrate, 5-10-° mgjlitre; xanthine, 0.2 g/litre; hypoxanthine, 0.5 gjlitre; 
thymine, 1 g/litre; thymonucleic acid, 0.1 or 100 mg/litre (fig. 26). 

Higher concentrations of these substances may inhibit the growth. The 
largest increase in size of the polar lobes was effected by thymonucleic acid. 
Growth-promoting effects have thus been established with glycols, deriva- 
tives of fatty acids, amino acids, purines and pyrimidines, nucleic acids, 
and with substances known as enzyme inhibitors. The results indicate that 
the growth-promoting effect of the various chemical compounds cannot be 
confined to a specific molecular structure, but may be concerned with general 
swelling and dissolving properties and a lowering of the surface tension. 
For the swelling of the cell-wall the pectic component is particularly respons- 
ible. The elongation of lobes involves a weakening of their membrane layers 
which eventually leads to rupture, the weakest point being at the ends of the 
lobes which are often attenuated (fig. 17 b, 27 b). At the same points pectin- 
like thickening lenses are often formed, especially if the elongation is retarded 
or inhibited. 

Both nucleate and enucleate cells were found to be extremely sensitive to 
histamine, which even at very low concentrations impaired the cells. Even 
dioxane was very effective. 


Comments 


The enucleate cells of Micrasterias are evidently unable to synthesize pro- 
teins, or at least this ability ceases at an early stage of development, since the 
growth of the new semicell is not accompanied by the formation of cytoplasm 
but only of vacuoles. Nor are these cells able to utilize amino-acids (either 
single acids or several together or with glucose and B-vitamins) in concentra- 
tions where the growth of nucleate cells is promoted considerably. Thus it can 
be concluded that in Micrasterias the protein synthesis is dependent on 
nuclear action. The same applies to the cellulose synthesis, whereas the forma- 
tion of pectic substances is increased in the absence of the nucleus. It is 
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interesting that even nucleate cells can be forced to form similar pectic sub- 
stances when their new semicells develop in nutrient solutions containing 
glucose or certain amino acids at suitable concentrations. Furthermore, both 
amino acids and pectin in sufficiently high concentrations affect the. nucleate 
cells in a manner suggestive of the enucleate cells. One is inclined to explain 
these similarities by assuming that in the enucleate cells the decomposition 
of proteins leads to the liberation of amino acids, which in turn favour the 
production of pectic substances. Various other chemical compounds, of 
course, may be liberated also, among others bound auxins (cf. Thimann, in 
Parpart 1949). The latter may contribute to the characteristic elongation of 
the lobes in the enucleate cells which were found to be particularly susceptible 
to the influence of various substances capable of promoting growth. The 
growth-promoting influence does not presuppose a specific molecular struc- 
ture, but is common to various substances having a power of effecting 
swelling. 

The damage which appears first after denucleation is concerned with the 
development of the new cell-wall and plasm membrane. Both become weak 
and are much more susceptible to the influence of various agents than is the 
case with normal cells. The weakness of both depends particularly on a sub- 
stance which is readily dissolved by glycol, alcohols and phloroglucinol, but 
which is prevented from dissolving by calcium ions at sufficiently high con- 
centrations. The pectic substances would partly account for these properties, 
but as regards the plasm membrane, also the phosphatides, according to the 
well-known hypothesis of Hansteen Cranner, must be taken into considera- 
tion. If substances having carboxyl groups in the sixth position in their ring 
are responsible for the ruthenium staining, then the same substances must 
also account for the strengthening of the cell-wall by calcium ions, because 
the latter prevent staining by ruthenium red and even de-stain a stained 
gelatinous layer. There is much evidence for the view that a part of the 
substances concerned are essential constituents of the plasm membrane itself, 
since certain solvents, which from the behaviour of the cytoplasm can be 
inferred to enter the cell, at low calcium ion concentrations effect a rupture 
of the membrane and consequently death, but at high concentration are 
tolerated for a considerable period of time. The rupture of the plasm mem- 
brane can be, at least in certain cases, particularly in the sensitive period of 
development in nucleate cells, accounted for by assuming that the growing 
cell-wall is closely connected with components of the living plasm membrane 
(cf. Bonner 1936) and that the latter becomes ruptured when the connected 
constituents of the cell-wall are caused to swell out quickly. The fact, that 
the same substance which causes rupture when added in the sensitive period 
may be endured when the cells are allowed to develop their new semicells 
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in its presence from the beginning, can be interpreted, in accordance with 
the view of Burström (1949), as being due to the same factor which loosens 
the bonds between molecular chains and may even prevent them from being 
formed. 

From the above statements concerning the factors affecting the resistance 
of the plasm membrane and cell-wall to solutes, one can infer that the first 
step in the prolongation of the life of enucleate cells requires the strengthening 
of these parts of the cell. A sufficiently high calcium ion concentration has 
so far been the most effective means of prolonging their life. In view of the 
experimental data it seems that in normal cells the nucleus is responsible 
for the formation of substances which are soon accumulated at the surface 
of the protoplast, especially during division. These substances may be linked 
to calcium and magnesium ions, possibly even to potassium ions, as the 
nucleate cells are capable of developing their new semicells even in extremely 
dilute solutions of calcium chloride (Warén 1933), while the enucleate cells 
eventually burst if the calcium ion concentration is not high enough or, in 
the case of M. rotata, do not form new semicells unless in addition to calcium, 
magnesium or potassium is present. This can even be interpreted by assuming 
that in the absence of a nucleus the cytoplasm loses its power to retain cal- 
cium, magnesium and possibly even alkali cations in the normal way. Thus it 
seems probable that substances of acidic character are concerned. As regards 
the constituents of the cell-wall, natural pectin always contains calcium and 
magnesium (Ehrlich 1932). According to Monné (1948) micro-incinerations 
of various cells always show heavy ash deposits containing chiefly calcium and 
magnesium at the cell surface, and he considers it probable that in the surface 
of the protoplast, the cortex, the phosphoric acid groups in the phosphatides 
and the nucleic acids are kept together by means of the bivalent cations, 
calcium and magnesium. The experimental data concerning the rapid effect 
of the denucleation on the cell surface indicate that the substances responsible 
for the normal development of the membrane must be present in the 
enucleate cells in extremely small quantities and are in normal cells, at least 
during division, formed by nuclear action. Of the substances referred to, 
the phosphatides would seem to account better for the facts, but the case 
may be, of course, much more complicated, and even the nucleic acids and 
specific proteins or enzymes may be concerned. 

The other measures applied to prolong the life of enucleate cells were less 
effective, but some of them are however of theoretical interest. This refers to 
the substances found to counteract the demixing of the cytoplasm. The favour- 
able effect of high glucose concentration may depend both on its pre- 
venting the cytoplasm from being diluted too much, and on competitive actions 
in enzymatic processes. The remarkable effect of caffeine may depend on 
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the fact that it increases the hydration of cytoplasm, a visible sign of which 
is the reestablishment of the fiow after this has ceased owing to increased 
viscosity. The effect of various other substances may also concern the hydra- 
tion of protoplasm. It is interesting to note that the longest duration of life 
observed so far — 19 days — was established in a case where the enucleate 
cell was kept in a solution containing amyl alcohol and a high calcium ion 
concentration at a low temperature. With regard to the contribution of the 
various factors, one cannot decide what effect the amyl alcohol had in this 
case, but a narcotic effect may be taken into consideration. 

The attempts to prolong the life of enucleate cells with the aid of organic 
substances closely involved in protein synthesis have so far failed. Bearing 
in mind that various heterotrophic organisms require a great many organic 
substances at the same time, the possibility is not excluded that future in- 
vestigations with a greater stock of essential substances may be more suc- 
cessful. 

‚As regards formative effects it did not prove possible by chemical means 
to induce the enucleate cells to develop new semicells of a greater degree 
of differentiation. Instead, the concept of the cytoplasmic framework has 
gained further evidence by the direct observations of cytoplasmic axes. in 
this connection it is of interest that even taxonomical considerations have led 
to the idea of a cytoplasmic differentiation in desmids (Teiling 1950). This 
view is thus in accordance with the general principle of cellular organization 
expressed by Weiss (cf. Parpart 1949, p. 160) in the words: omnis organisatio 
ex organisatione. 


Summary 


Experiments have been carried out with enucleate cells of Micrasterias 
Thomasiana and M. rotata in order to prolong their life and to affect the 
development of their form. 

The enucleate cells are practically unable to form new cytoplasm, even in 
the presence of amino acids which promote the growth of nucleate cells. 
Evidently the synthesis of proteins is a nuclear function. 

In enucleate cells no cellulose synthesis occurs or is very slight and only 
due to a residual effect of the nucleus. Instead, pectic substances are formed. 
The formation of these substances is much increased by glucose or amino 
acids at sufficiently high concentrations. In this case even the nucleate cells 
form thick layers of similar substances. 

The duration of the life of enucleate cells, which under the ordinary cul- 
ture conditions is only about 24 hours, could be prolonged to 10 days at 
room temperature and to 19 days at the temperature of ice water. The most 
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successful means was the strengthening of the cell-wall and plasm membrane 
by a sufficiently high calcium ion concentration. Some favourable effects 
were also obtained with various other substances. Caffeine was able to 
restore the plasm flow in a case where it had ceased by stiffening. 

The enucleate cells are much more susceptible to the influence of growth- 
affecting substances than the nucleate cells. Various chemical compounds 
including glycols, derivatives of fatty acids, purines and pyrimidines, nucleic 
acids, and also substances known as enzyme inhibitors, may promote the 
enlarging of their new semicells. In this process both vital and non-vital 
factors are involved, the latter concerning the swelling of the cell-wall. 

It was not possible to induce the enucleate cells to differentiate by chemical 
means. 

The view that the cytoplasmic framework of the Micrasterias cell is com- 
posed of certain major axes corresponding to the main lobes, in the new 
semicell initially three in number, has. been confirmed by direct observation. 
The conception of the chemical basis of the morphological differentiation has 
gained further evidence from the experiments. 


The author is greatly indebted to the following persons for supporting the work 
by placing various chemicals at his disposal: Professor Hans von Euler, Stockholm, 
for nucleic acids; Professor Artturi I. Virtanen, Helsinki, for amino acids; Pro- 
fessor R: Leimu, Turku, for various chemical compounds; Dr. J. Fisher Stanfield, 
Oxford, Ohio, for growth-promoting substances; Dr. Pekka Kontio, Helsinki, for 
pectic substances and enzyme preparations; Mr. Antti Louhivuori, The State Serum 
Institute, Helsinki, for various chemicals. I wish to express my sincere gratitude 
to Paavo Kallio, Ph. M., who has again efficiently assisted in the laboratory work. 
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Introduction 


Several investigations during recent years have shown that free purines 
are capable of influencing various physiological processes in plants. Guanine 
and hypoxanthine strongly promote the germination of the conidia and the 
initial mycelial growth of Phycomyces (Robbins and Kavanagh 1942 a, b). 
Adenine obviously plays a röle in the mechanism of elongation in the pea 
epicotyle (Galston and Hand 1949), and the differentiation of Nicotiana callus 
tissue (Skoog and Tsui 1948). This purine has also been claimed to be a 
factor in leaf growth (Bonner and Haagen Smith 1939) and possibly also in 
the development of the root system (Bonner and Bonner 1940). 

Very little is known, however, about the formation of purines in plants 
and the amounts normally present in the tissues. Most of the investigations 
that have been carried out do not differentiate between free purines and 
purines more or less firmly bound in ribosidic linkage in nucleotides and 
nucleic acids. 

Since methods are now available permitting a determination of even very 
small amounts of certain purines and other nucleic acid derivatives, we con- 
sidered it worth while to look for such substances in material obtained from 
higher plants. Among the various organic substances exuded from roots of 
seedlings, nucleic acid constituents play an important röle, as has been shown 
by Lundegardh and collaborators (Lundegardh and Stenlid 1944, Stenlid 
1947). It appeared possible that free purines could be present in the exudate, 
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besides the more high-molecular compounds, the occurrence of which has 
been demonstrated by the authors mentioned. Before investigating this we 
performed some experiments in order to establish the conditions under which 
the most active exudation of UV-absorbing material occurred. 


Methods 


Seeds and seedlings of Pisum sativum, »Svalöfs Torsdagsärt II» were used 
as experimental material. All experiments were performed under sterile con- 
ditions. The peas were sterilized with a solution of calcium hypochlorite (Wil- 
son 1915) for 30 minutes, and then soaked in sterile water for three to four 
hours. The duration of this soaking appeared to be of some importance with 
regard to the subsequent exudation process (Fig. 1). The peas were then 
allowed to germinate on agar-plates in petri-dishes at +20° C. 

The following treatment depended on the experimental circumstances, and 
will be subsequently described. However, when the object was to obtain 
an exudate for purine-determination, this was always done as follows. As 
soon as the rootlet of the young seedling had attained a length of c. three cm, 
the distal part was cut off two cm from the tip and transferred to a 100 ml. 
flask containing sterile distilled water. Ordinarily about 50 roots were placed 
in each flask, the volume of water comprising as many milliliters as the 
number of roots. After five hours the roots were removed from the flasks and 


Fig. 1. The relation be- 
tween the duration of the 
soaking of the peas and 
the subsequent exudation 
from the excised seedling 
roots. 
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the extinction of the exudate at 2650 A was determined in a Beckman photo- 
meter. Exudates used for quantitative analyses always had an extinction 
coefficient of c. 5.5 (measured in an 1 cm thick layer after dilution 10 times). 
Thus, the procedure agrees essentially with that described by Stenlid (1947). 


Preliminary Experiments 


Peas germinating on an agar plate exude great amounts of various organic 
compounds, This could very easily be demonstrated by the use of specifically 
reacting mutants of the ascomycete, Ophiostoma multiannulatum. In these 
experiments the agar medium contained a basic nutrient solution of the fol- 
lowing composition: glucose 20 g, ammonium tartrate 5 g, KH,PO, 1 g, 
MgSO, 7 H,O 0.5 g, NaCl 0.1 g, CaCl, 0.1 g, thiamin 0.1 mg, pyridoxin 
0.1 mg, traces of iron, zinc and manganese salts, and distilled water 1 liter. 
Two or more days after the pea had been placed on such an agar plate, 
conidia of a particular mutant strain of Ophiostoma were sprayed over the 
plate. The strain in question, being unable to synthesize a certain metabolite, 
e.g. an amino acid, would show no growth, unless this metabolite were present. 
In this way, the presence of various amino acids and nucleic acid constituents 
were demonstrated in the agar around the germinating pea, viz., lysine, 
arginine, methionine, uridine (or cytidine or both), adenine and guanine (or 
the corresponding nucleosides). 

The same qualitative test was then performed with intact seedlings pos- 
sessing roots 2—4 cm long, as well as with excised root tips of various lengths. 
It was sometimes difficult to determine whether the conidia around the root- 
tip actually responded to an exudation from the root, and not to the exuda- 
tion from the cotyledons. It was possible to decide this by placing the seedling 
on an agar plate, the agar being divided into two parts by a diametrical split 
a few mm broad. If the seedling was placed with the cotyledons on one side 
of the split and the main part of the root on the other side, the exudation 
from cotyledons and root could be estimated separately. All the amino acids 
and constituents of nucleic acid mentioned above were also found to have 
exuded from roots placed in this way as well as from roots cut off from the 
hypocotyl. 


Determination of Certain Nucleic Acid Constituents 


a) Procedure 


The quantitative estimation of the free purines and pyrimidine nucleosides was 
performed according to the procedure of Fries and Bjérkman (1949), which is based 
upon the specific reactions of mutants of Ophiostoma multiannulatum. A separa- 
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tion of the constituents from one another was necessary for two different reasons. 
Firstly, the interfering interactions between certain nucleic acid constituents, e.g., 
adenine and guanine, in the microbiological test had to be avoided. Secondly, since 
the mutants used as test strains respond to the free bases as well as to the cor- 
responding nucleosides and nucleotides, albeit with different rates of growth, a 
direct addition of the exudate would give results difficult to analyse. By employing 
the chromatographic separation described in the procedure referred to above, these 
sources of error were avoided. 

In order to facilitate the »spotting» of the samples on the filter paper strips, the 
exudate was concentrated to a tenth of its initial volume by evaporation at room 
temperature under low pressure. Cells which had sloughed off from the root cap 
were always present in the fresh exudate and had to be removed by centrifuging. 
To each strip 0.5 ml. of this concentrate (pH=7.1) was added, which corresponds 
to 5 ml. of the original exudate, or five excised roots. A great number of parallels 
were always run, as well as series of strips with various amounts of known sub- 
stances, e.g., adenine, adenosine, guanine, etc. One filter paper strip of each sort 
was placed on the agar plate for spot localization by spraying with mutant conidia. 
This was necessary since the Rr values always varied a little from one experiment to 
another. When a spot was localized, the corresponding part (c. three cm long) of 
some of the remaining parallels was cut out and eluted directly in the test tube with 
the nutrient solution to be used for the following quantitative determination. After 
5 hours the elution was completed, the filter paper pieces were removed, and the 
test tubes sterilized by autoclaving. The tubes were then inoculated with mutant 
conidia, continuously shaken at + 25° C, and the growth determined photometrically 
every day. For technical details see Fries (1949 a, b). 

For the determination of adenine, two different test-strains were used. The 
adenine-spot was localized with mutant No. 1174 (adenine-less). For the following 
quantitative estimation either the same strain was used or No. 870 (hypoxanthine- 
less), which grows better in shaken tube cultures. The latter reacts less specifically 
than No. 1174, being able to grow with hypoxanthine as well as with adenine, a 
fact, however, which is irrelevant here, since hypoxanthine, if present in the chro- 
matogram, is to be found at a safe distance from the adenine-spot. As test-strains 
for guanine Nos. 1377: 41 and 2446 were used. Cytidine and uridine were localized 
and determined by means of mutant No. 1110. 

Efforts were made in collaboration with Dr. H. Ronge, Department of Physiology, 
University of Uppsala, in order to show the position and exact extent of the spots 
on the filter-paper with the methods of Holiday and Johnson (1949), Markham and 
Smith (1949), and similar techniques. The experiments failed, however, apparently 
because our exudates represented mixtures of too complex a nature, containing much 
organic material, e.g., amino acids and carbohydrates, besides the purine and pyri- 
midine compounds. Undoubtedly this was also the reason why we were not suc- 
cessful in using Hotchkiss’ (1948) method of cutting the filter-paper strip in small 
pieces, which were eluted and determined photometrically. 


b) Adenine 


Of the nucleic acid constituents sought in the present investigation, adenine 
is the one most easily separated and determined. It his an R,-value of c. 0.45, 
which is higher than those of all the other related substances, except thymine 
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Fig. 2. Estimation of the amount of adenine in two pea root exudates with mutant No. 870 
as the test organism. The curves show the relations obtained in two separate experiments, 
I and II, between known quantities of adenine and final extinction values (Z) of the 
cultures, the single values being represented by circles. Incubation time 5 days. The test 
values are inserted in the curves as black dots, representing: a) and d), adenine fraction of 
the root exudate chromatographically separated; b), root exudate directly added to the 
test tubes (no definite Z value could be obtained); c), root exudate hydrolysed and added 
to the test tubes (growth started slowly, and no final Z value was obtained); e) =a) and d), 
but 1.0 ml concentrated exudate, chromatographically treated and added to the tubes, instead 
of 0.5 ml. For further particulars, see the text. 


(and thymidine), according to Hotchkiss (1948). The chromatograms revealed 
the presence of free adenine in the exudate, together with traces of adenosine 
(R,,=0.30). Adenylic acid moved very slowly, the R,-value being c. 0.1, and 
the spot was thus localized very close to guanine and guanosine. This fact, 
together with the slower response of the adenine-less mutants to adenylic 
acid, rendered a determination of this derivative difficult. 

The result of two determinations of adenine with mutant No. 870 (hypoxan- 
thine-less) is shown in Fig. 2. The amount of free adenine present in the 
exudates turned out to be 7.4 ug and 8.0 ug, respectively, per chromatographic 
spot, ie., about 1.5 ug per ml of the original root exudate. If concentrated 
exudate was added directly to the test tubes, 0.5 ml. to each, no final value 
could be obtained, since growth seemed to continue indefinitely, although 
with a decreasing rate. This might be explained from the occurrence in the 
exudate of adenine-derivatives, probably nucleotides, which are not so readily 
utilized as free adenine. 

From the acid-hydrolysed exudate, it should be possible to calculate the 
total amount of adenine, free and bound. Unfortunately, the high concentra- 
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tion of salt in the neutralised hydrolysate influenced the microbiological 
determination unfavourably, and the conidial growth was, therefore, con- 
siderably slower and more irregular than normally. It was obvious, however, 
that the amount of bound adenine was at least as great as the amount of free 
adenine, perhaps several times greater. 


c) Guanine 


The data available in literature concerning the behaviour of guanine in 
chromatograms are somewhat contradictory. According to Hotchkiss (1948), 
guanine does not move at all in n-butanol-water. Vischer and Chargaff 
(1948), on the other hand, report an R,-value of c. 0.08, and Markham and 
Smith (1949 a, b) noted an even higher value, viz., 0.11. We always observed 
a movement of guanine corresponding to a R,-value of c. 0.15. Since the 
value for guanosine is lower, and that of guanylic acid lower still, the spots 
of these three substances overlap on the chromatogram, or are, at any rate, 
impossible to separate by microbiological localisation. Although the presence 
of guanosine in the exudate has not been established chromatographically, 
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Fig. 3. Growth curves obtained with graded quantities of guanine (the empty circles) and 
with the guanine fractions of two different pea root exudates, chromatographically sepa- 
rated (the filled circles). In the first case mutant No. 1377: 41 (totally guanine-deficient), 
in the latter case mutant No. 2446 (partially guanine-deficient) was used as test strain. 
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the possibility must be taken into consideration that the amount of guanine 
found in the quantitative test also includes a small quantity of guanosine. 

The quantitative determinations were performed with the aid of the two 
test-strains, Nos. 1377: 41 and 2446, the former being totally, the latter 
partially guanine-deficient. The growth-curves are shown in Fig. 3. The 
amounts of guanine found in the two concentrated exudates examined cor- 
responded to 1.5 ug and 1.0 ug, respectively, per ml of the initial exudates. 

No attempt was made to estimate the amount of bound guanine in the 
exudates. 


d) Uridine and cytidine 


The pyrimidine-less Ophiostoma mutants respond to various pyrimidine 
compounds, including the free bases, uracil and thymine. In most cases, 
however, the response is too slow to show up as an area of growth around 
the chromatographic spot. Of the derivatives moving in the chromatogram 
only uridine and cytidine produce immediate germination of the conidia and 
a subsequent mycelial growth sufficiently rapid for analytical purposes. Both 
of these two nucleosides move relatively slowly, with rather similar rates of 
movement, the relative positions being easily interchangeable by slight altera- 
tion in the experimental conditions (Markham and Smith 1949 a). 
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Fig. 4. Estimation of the amount of cytidine + uridine in three pea root exudates with 
mutant No. 1110 as the test-organism. The curves show the relations obtained in three 
separate experiments, I, IJ, and III, between known quantities of cytidine and final extinc- 
tion values (Z) of the cultures, the single values being represented by circles. Incubation 
time 4 days. The test values are inserted in the curves as black dots, a, b, and c, all of 
them representing the chromatographically separated cytidine-uridine fraction of the exudate. 
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In the tests made with mutant No. 1110, the chromatographically treated 
exudate gave rise to a rather extended spot with an average R, value of 0.28. 
It sometimes appeared as two spots, very close to each other, an observation, 
however, which might have been an illusion. The eluted material was termed, 
uridine + cytidine, and it was left an open question whether either of the two 
substances was present alone, or whether both were present in unknown 
proportions. À 

Fig. 4 shows that the three tested exudates contained about the same 
amount of uridine +cytidine, viz., 9.2 ug, 10.5 wg, and 10.2 ug per 5 ml. Thus, 
the amount exuded from each root was c. 2.0 US. 

Since no pure preparation of thymidine has been available, we know nothing 
about the effect of this desoxyriboside on the pyrimidine-less mutants. At 
any rate, thymidine, having a much higher R, value, e.g., 0.51 (Hotchkiss 
1948), than the other pyrimidine nucleosides, cannot, if present, have been 
included in the above described estimations of uridine and cytidine. By ana- 
logy, however, it seems likely that No. 1110 would respond to thymidine, 
and consequently the non-appearance of growth around the corresponding 
place in the chromatogram would indicate the absence of this substance in 
the exudate. 


Conclusions 


The experiments described above demonstrate that the ultraviolet-absorbing 
material exuded from the roots of pea seedlings contains several various 
constituents of nucleic acids. As was also found by earlier investigators, the 
main part consists of high-molecular compounds, mononucleotides and 
probably also polynucleotides. The quantities of free purines and pyrimidine- 
nucleosides are comparatively small; it could not be decided whether any 
free pyrimidines, e.g., uracil and cytosine, were present. 

A rough estimation of the proportions between the two groups of sub- 
stances, which for the sake of simplicity are called the low-molecular (free 
bases and nucleosides) and the high-molecular compounds (mono- and poly- 
nucleotides), was carried out in the following way. In the chromatogram, 
only the former compounds move at a measurable rate (R,>0.1), the latter 
ones remaining at the original spot. By comparing the extinction of the eluate 
from such spots as have been treated chromatographically in the ordinary 
way, with the extinctfon of untreated, eluated spots, the percentage of low- 
molecular constituents of all the UV-absorbing material could be approxi- 
mately determined. As appears from Table 1 the extinction of the spot- 
eluate has decreased by 24 per cent after the chromatographic treatment. 
Thus, the main part of the exuded nucleic acid material consists of the high- 
molecular, phosphorylated compounds. 


27 
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Table 1. The effect of a chromatographic treatment with butanol-water upon the UV- 

absorption of a pea root exudate. The same exudate was used in all 8 tests, 0.5 ml of the 

concentrated exudate being spotted on each filter paper strip. In both of the series below, 

the area cut out for elution (in 50 ml water) was identical with the area of the original 

spot. The values give the extinction of the eluates in an 1.0 cm thick layer as measured 
at 2650 A. 

The exudate eluted from the original spot | 


after having been run with butanol-water 
for 8 hours 


The exudate eluted directly after having 
been spotted on the filter-paper strip 


| 

| 0.650 0.492 
0.652 | Mean: 0.648 0.492 | Mean: 0.493 

| 0.630 | (Relative value: 100) 0.488 | (Relative value: 76) 
0.658 0.499 


This conclusion is also supported by the direct determinations of some 
low-molecular constituent, viz., adenine, guanine, uridine, and cytidine. A 
calculation shows that the quantities found of these substances account at 
the most for only c. 6 per cent of the whole UV-absorption of the exudate. 
From this it is further evident that other low-molecular, UV-absorbing sub- 
stances must be present in the exudate besides the four mentioned ones. 
Whether these substances consist of other purines or pyrimidines, which 
escape the microbiological tests, or of entirely different material, such as 
tryptophan or tyrosine, still remains to be clarified. 

It is further impossible to decide if the masses of exuded nucleic acid 
material are continuously synthesised in the root. If this is the case, the main 
source would probably be found in the root-tip as has been suggested 
by Lundegardh and Stenlid (1944) — since protein synthesis in this case, 
as in all others so far studied, seems to require the presence of nucleic acid 
(cf. Caspersson and Schultz 1939). The fact that more material is actually 
exuded from the tip than from higher parts of the root speaks in favour of 
this view. 

On the other hand, the possibility must also be considered that the exuded 
material originates in the cotyledons. This alternative is supported by the 
fact that nucleic acid constituents are to be found in the cotyledons from 
which they readiiy diffuse, when the young seedling is placed upon an agar 
plate. Furthermore, after a prolonged soaking of the peas in water, the sub- 
sequent exudation from the rootlet is considerably decreased. 

If this latter alternative be true, the exudation of nucleic acid material 
would be a phenomenon characteristic of the seedling, but not of the mature 
plant, at least not to the same degree. So far, only seedlings seem to have 
been investigated, the study of exudation processes in the root-system of 
mature plants involving greater difficulties which, however, are possible to 
overcome. 
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Summary 


The presence of some amino acids and nucleic acid derivatives in the 
exudate from peas and roots of pea seedlings was demonstrated with the 
aid of appropriate, nutritionally deficient Ophiostoma mutants. A combined 
chromatographic and microbiological technique enabled a quantitative de- 
termination of certain nucleic acid constituents in the exudate from excised 
roots of pea seedlings. The amounts exuded from each root (dry weight: 
5.0 mg) during five hours in distilled water were: adenine 1.5 ug, guanine 
1.3 wg, and uridine+cytidine 2.0 ug. These substances cannot be assumed 
to account for more than c. 25 per cent of the UV-absorbing material moving 
in the chromatogram, and c. 6 per cent of the total amount of UV-absorbing 
material present in the exudate. 


The authors are indebted to the Swedish Natural Science Research Council for 
financial support. 
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On the Growth Requirements of Lysineless Mutants of 
Ophiostoma multiannulatum 
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The recent observation of Good, Heilbronner and Mitchell (1) that «-amino- 
e-hydroxycaproic acid III (hexahomoserine, ¢-hydroxynorleucine) can sup- 
port the growth of certain lysineless Neurospora mutants has prompted us to 
publish a preliminary report on similar observations made on some lysine- 
less mutants of Ophiostoma multiannulatum. 

Borsook, Deasy, Haagen-Smit, Keighley and Lowy (2) have found that 
lysine is degraded to q-aminoadipic acid (II), «-ketoadipic acid (I) and 
glutaric acid in the rat, but this animal cannot utilize the first mentioned 
compound in the place of lysine (3). 

Subsequently Mitchell and Houlahan (4) found that one of the lysineless 
Neurospora mutants utilized q-aminoadipic acid and Bergstrom and Rotten- 
berg (5) made similar observations on some of the corresponding Ophiostoma 
mutants. The only Neurospora mutant (33933) utilizing aminoadipic acid 
did not grow on a-ketoadipic acid even though the D-isomere of «-amino- 
adipic acid was utilized in the presence of the L-isomere. However, some 
lysineless Ophiostoma mutants that could utilize aminoadipic acid have been 
found to grow well on a-ketoadipic acid alone (5), a fact that makes it 
appear probable that the ketoacid is an intermediate in accordance with the 
formation of other «-aminoacids. 

It has been shown by Pagé et al. (7, 8) that the anemia producing factor 
in deaminated casein was «-amino-e-hydroxycaproic acid formed by deamina- 
tion of lysine. We have therefor tested the influence of this compound on the 
utilization of lysine by different types of lysineless Ophiostoma mutants. 
No inhibition was observed with up to 4 moles of e-hydroxynorleucin per 
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Table 1. Growth of Ophiostoma mutant 1508 in the presence of L-lysine, D,L-a-aminoadipic 
acid, D,L-a-amina-e-hydroxycaproic acid, The technic used has been described earlier (10). 


ee  Z————— 


: 7 wei ë d after tl 
| Compound added: mmol per 25 ml medium | > Wera al 


i O 0 
| 0.02 L-lysine 60 
| 0.02 D,L-aminoadipic acid 0 
: 0.02 D,L-«-amino-e-hydroxycaproic acid 6 
| 0.04 D,L-a-amino-e-hydroxycaproic acid 23 | 


mole lysine but in some instances a pronounced stimulation was observed 
and the mutants were found to grow on the hydroxyaminoacid alone, as 
illustrated in Table 1. 

The lysineless Ophiostoma mutants used in this investigation have been 
isolated by Fries (8,9) and have not been subjected to genetic analysis but 
all observations on the individual strains isolated are in accordance with the 
following sequence: 


COOH COOH CH,OH CH,NH, 
| | 
CH, CH, CH, CH, 
| | | 
& CH COR CH eee 
| | 
| 


CH, CH, CH; CH, 
| | 
CO HCNH, HCNH, HCNH, 
| 
| 
COOH COOH COOH COOH 
I Il II IV 


In this sequence it appears likely that the corresponding aldehyde (OCH : 
- CH,CH,CH,CHNH,COOH, V) is an intermediate between II and III. How- 
ever, it is not known wether g-amino-¢-hydroxyeaproic acid actually is an 
intermediate. Another likely possibility is that the aldehyde or a derivative 
of it is the intermediate between II and IV and that III is utilized via this 
aldehyde as in the following sequence: 


III 
Y 


I + [I + V = IV 


Further work is needed to clarify this question. 
We have also tested the influence of pure hydroxylysine (11) on all lysine- 
less mutants, but none showed any growth responce. In some instances 
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hydroxylysine was tested in the presence of lysine but no inhibition of the 
utilization of lysine was observed; however the highest ratio of hydroxylysine 
to lysine tested so far is only 2. 


Summary 


a-Amino-e-hydroxycaproic acid has been found to support the growth of 
some lysineless Ophiostoma mutants. Hydroxylysine is ineffective in all 
mutants isolated. 


Part of the «-amino-s-hydroxycaproic acid used was kindly supplied by Dr R. Gaudry, 
Quebec, Canada. 

This work is part of an investigation supported by »Magn. Bergvalls Stiftelse», Stock- 
holm. 
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Effect of Vernalization and Photoperiodic Treatments on 
Growth and Development of Crop Plants 


II. Varietal Differences in Stem Elongation and Tillering of Wheat 
and their Correlation with Flowering under varying Photoinductive 
and Post-Photoinductive Treatments 


By 
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Recently it has been shown that under optimum conditions of nutrition, 
the rate and the magnitude of different components of growth are influenced 
by the developmental process of a plant (Chinoy, 1947, 1949, 1950, and Chinoy 
and Nanda, 1949). Earlier Purvis (1934), Gregory (1935), and Purvis and 
Gregory (1937), working with winter rye showed that flowering can only 
take place after a minimum number of leaves has been produced. McKinney 
and Sando (1935) have also reported in the case of wheat that the number 
of leaves formed before spike differentiation was influenced by temperature 
during germination and photoperiod immediately following. A study of a 
large number of soy bean varieties has revealed the existence of regular 
and simultaneous changes in the processes of growth and development 
(Whyte, 1942). Kuleshov (1933) has also studied correlations of growth 
characteristics, such as, the number of leaves, height, and the duration of the 
vegetative phase. Danielson (1944) has also suggested that the photoperiodic 
reaction of the stem is in some way related to the onset of flowering. In a 
previous communication (Chinoy and Nanda, 1951) acceleration or retarda- 
tion of 40—60 days in the vegetative period was observed in plants of the 
same variety under different photoperiodic treatments. The effect of such 
alterations in the time of flowering of three varieties of wheat, brought about 
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by different photoperiodic treatments on growth has been studied in detail, 
and the present paper deals with the effect of length of day on stem elonga- 
tion and tillering. 


Experimental procedure 


Full details of the experimental procedure have been given previously 
(Chinoy and Nanda, 1951). 

Growth Observations: Height of selected plants in Experiment Nos. 1 and 2, 
and random plants in Experiment No. 3 was taken at regular intervals of 
time. The distance between the level of the soil and the base of the topmost 
unfolded leaf was taken as height before heading and the distance between 
the level of the soil and the tip of the ear was taken as height after heading. 
Tiller counts were made simultaneously with height measurements. Main 
shoot was included in the count. 

As the data of the various growth observations is too extensive to be 
reproduced in full it has been condensed with a view to bringing out the 
effects of photoinductive and post-photoinductive treatments as well as 
varieties by adding all the values of any one level of the factor and dividing 
by the total number of observations. 


Experimental Findings 


Height: Height data for photoperiodic treatments and the varieties in dif- 
ferent experiments are presented graphically in Figure Nos. 1 to 8. Natural 
logarithms of successive height observations have been plotted against time 


Figures 1, 2 and 3. Effect of photoinductive treatments on stem elongatian (expressed as 
Log, Height) in Experiment Nos. 1, 2 and 3 respectively. 


Treatment No. 1= 6 —— 0 Treatment No. 2—@—Q Treatment No. 3= AA 
Treatment No. 4= (1———)_ Treatment No. 5= Y———¥V 

Figures 4, 5, and 6. Effect of post-photoinductive treatments on stem elongation (expressed 
as Log, Height) in Experiment Nos. 1, 2, and 3 respectively. 

SD=e——e® ; ND=a—a ; LD= u 
Figures 7 and 8. Varietal effect on stem elongation (expressed as Log, Height) in Experi- 
ment Nos. 1 and 2 respectively. 
Triticum vulgare, Var, N.P. 165—e—— + Triticum vulgare, Var. NP. 2=x % 


Triticum vulgare, Var. P. C591 = o———0 
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in these graphs, so that the slopes of the curves give a measure of the rate 
of stem growth. 

The effect of photoinductive treatment in Experiment Nos. 1, 2 and 3 is 
noticeable from Figures 1 to 3 respectively. Each point in these graphs is a 
mean of 45, 90 and 90 observations respectively. The results show that; (1) Inthe 
early stages the height increases with the length of the photoinductive treat- 
ment; (2) These differences are maintained till 65, 79 and 84 days in Experi- 
ment Nos. 1, 2 and 3 respectively, after which plants under treatment No. 4 
overtake those under treatment No. 5 in height; (3) The stem growth is 
slowed down first of all in No. 5 treatment and last of all in No. 1. It there- 
fore appears that plants of shorter photoperiods overtake those under No. 5 
treatment in height one after the other with the result that no appreciable 
differences are noticeable in the final height of plants under different photo- 
inductive treatments. 


The effect of post-photoinductive treatment has been shown in Figures 
4 to 6. Each value in these graphs is a mean of 75, 90 and 90 observations 
respectively. From these results it appears that; (1) Under LD treatment 
stem growth is earlier than under ND or SD treatments. Plants appear to 
follow the Compound Interest Law for about 50 days in Experiment No. 1, 
79 days in Experiment No. 2, and 78 days in Experiment No. 3, after which 
they attain a more or less constant level; (2) ND plants have a lower rate 
of stem growth than LD ones, judging from the slope of the curve. But 
exponential growth continues for a longer period in this case with the result 
that their final height is greater than in the LD plants; (3) SD plants show 
a much slower rate than even ND plants and follow the Compound Interest 
Law for a much longer time. Still, however, as the rate is very much slower 
these plants do not attain the final height reached by LD or ND plants. The 
accelerating influence of the long photoperiod on stem growth is clearly 
discernible from the very first reading. This clear cut effect as compared 
with the effect of photoinductive treatment is due to longer duration of the 
treatment. 


The varietal differences can be seen from Figures 7 and 8. Each point on 
the graph is a mean of 75, and 90 readings in Experiment Nos. 1 and 2 
respectively. Although the varietal differences in stem elongation do not 
appear to be very significant growth continues for a longer period in P.C. 
591, and reaches its maximum later than in N.P. 165 or N.P. 52. This is 
probably due to the slightly longer vegetative period of P.C. 591. 

Tillering: The data of tiller production are presented graphically in Figures 
9 to 16, and show the effects of photoinductive and post photoinductive 
treatments as well as varieties separately. As tiller counts were taken of the 
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Figures 9, 10, and 11. Effect of photoinductive treatment on tiller production in Experi- 
ment Nos. 1, 2 and 3 respectively. 


Treatment No. 1= © ———© Trealment No. 2=0 ——0 Treatment No. 3= A——A 
Treatment No. 4 = 0) Treatment7No. 5=Y———y 


Figures 12, 13, and 14. Effect of post-photoinductive treatment on tiller production in 
Experiment Nos. 1, 2 and 3 respectively. 


SD=e——_e ;\D=4-4A ;LD=8——28 
Figures 15 and 16. Varietal effect on tiller production in Experiment Nos. 1 and 2 
respectively. 
Triticum vulgare, Var. N.P. 165= e———e Triticum vulgare, Var. N.P. 52= *———_x 
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plants used for height measurements, each point on the graph is a mean of 
the same number of observations as in the case of curves for height. 

When the data are arranged to show the effect of photeinductive treat- 
ment it appears that the differences are not significant. It may, however, 
be noted in the first two experiments (Figs. 9 and 10) that Photoinductive 
Treatment No. 1 has some effect. The effect of photoinductive treatment is 
not so pronounced because the duration of treatment has been very short 
(14 days in Experiment Nos. 1 and 3, and 12 days in Experiment No. 2). 

The photoperiodic effects are very markedly brought out when the data 
are compiled for post-photoinductive treatment (Figs. 12, 13 and 14 for 
Experiment Nos. 1, 2, and 3, respectively). It is seen from these results that 
(1) under ND treatment tiller number increases in the early stages of growth. 
The number then remains constant for some time and then it declines due 
to the drying off of tillers. (2) There is no appreciable increase in tiller 
production under LD and SD treatments particularly in Experiment Nos. 1 
and 2 (Figs. 12 and 13). On the other hand there is some increase in tiller 
number under LD treatment in Experiment No. 3 (field experiment). The 
sudden increase in tiller number observed in Experiment No. 3 under SD 
treatment is due to the discontinuation of the photoperiodic treatment after 
98 days. The reasons for the supression of tillering in these two cases appear 
to be different. Under long photoperiod the effect is probably due to the 
acceleration brought about in flowering. On the other hand supression of 
tillering under SD treatment is most probably due to the very short period of 
light available for carbon assimilation. 

The varietal effect on tillering (Figs. 15 and 16) is not significant. As 
already pointed out this may be due to the very small differences in the time 
of flowering of these three varieties. There is also a possibility of tillering 
having been restricted due to the small size of the pots used in these experi- 
ments (Nos. 1 and 2). 


Discussion of results 


Two important points emerge from the data of stem elongation (1) Long 
photoperiod has an accelerating effect on stem elongation; (2) Under natural 
conditions the vegetative period of a variety appears to determine stem 
elongation. 

Response to photoinductive treatment has been shown to be very small 
compared to that of the post-photoinductive treatment. As already pointed 
out this is due to the very much shorter duration of the treatment. The longer 
the photoperiodic treatment the earlier is the stem growth. The effect of 
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these photoperiodic treatments on flowering has already been discussed in 
a previous communication (Chinoy and Nanda, 1951), where it was pointed 
out that differences in flowering of a variety under different photoinductive 
treatments were not so large as in the case of post-photoinductive treat- 
ments. It, therefore, appears that the effect of these photoperiodic treatments 
on stem growth is probably brought about as a result of acceleration in 
flowering. 

In order to further substantiate the point correlation coefficients of vege- 
tative period (p) (anthesis) and the period of the attainment of maximum 
height (h) were worked out separately for all the three experiments, (Ex- 
periment No. 1: r,,=+0.98; Experiment No. 2: lon 19.93; and Experiment 
No. 3: r,,=+0.99). The results show a highly significant correlation. It is 
worthy of note that this high correlation has been obtained from the data 
of different photoperiodic treatments of three varieties. This lends support 
to the above mentioned conclusion that stem growth is a direct resultant of 
the developmental process in wheat. Cessation of stem elongation appears to 
be synchronized with flowering (anthesis) of wheat. This result is further 
confirmed by observations of varietal differences in stem growth. Although 
the differences in the time of flowering of the three varieties are only 5 to 9 
days there are significant differences in the stem growth of P.C. 591 which 
is a Slightly later variety than N.P. 165 or N.P. 52. A reference may be made 
here to the work of Purvis (1934), and Kuleshov (1933) who have observed 
some connection between the time of flowering and stem growth. The rela- 
tionship has, however, not been defined clearly by these workers. 

This relationship between stem growth and time of flowering has been 
shown by one of us (Chinoy, 1949) in the case of a large number wheat 
varieties. Stem elongation was shown to begin earlier in early varieties and 
the period for which the curves remained flat increased progressively with 
the lateness of flowering in a variety. Stem elongation was determined by 
the developmental process and appeared to be correlated with spike growth. 
This result was further confirmed by taking periodic dry weight data of 
actual’ stems exclusive of leaf sheaths. No stem growth was observed as 
long as the growing point remained in a vegetative condition. In the case of 
height data the upward trend of the curves was due to the elongation of the 
leaf sheaths and not due to stem growth. Actual elongation of internodes in 
varieties of the earliest flowering class (A) began 40 days after sowing, and 
it was progressively delayed with lateness in flowering, so much so that stem 
growth was initiated 120 days after sowing in very late varieties of the 
class (H). 

In the case of tillering data very marked differences have been observed 
under post-photoinductive treatments. Tillering appears to be supressed due 
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to the acceleration in flowering caused by long day treatment. This supres- 
sion of tillering takes place in spite of the fact that the photosynthetic 
activity of plants under LD treatment is continued for a longer period and 
as a result of which there is no deficiency of carbohydrates required for 
growth (unpublished data). Our experiments have also demonstrated that 
the other mineral nutrients required for the plant were also in adequate 
quantities (Chinoy and Nanda, 1949). It is, therefore, clear that this supres- 
sion of growth is brought about by factors other than nutritional. On the 
other hand the supression of tillering under SD treatment is brought about 
as a result of the reduced photosynthetic activity as shown by the results 
of net assimilation rate (unpublished data). The varietal differences as well 
as the differences under photoinductive treatment are not significant only 
because the differences in the time of flowering are very little and therefore 
the effect of treatments is masked by the experimental error. This becomes 
quite clear if the data of tiller production in wheat varieties having a wider 
range of vegetative periods are examined (Chinoy, 1949). The longer the 
vegetative period the greater is the number of tillers produced. The attain- 
ment of the maximum is also progressively delayed with lateness in flowering. 

The most significant fact that emerges from these experiments is that the 
acceleration in the time of flowering, either due to long day treatment or 
due to genetic factors, retards tillering but at the same time accelerates stem 
growth. Differences in tiller production and stem elongation under the in- 
fluences of fifteen different combinations of photoinductive and post-photo- 
inductive treatments can be seen from Figs. 17, 18, 19. 


Summary 


Photoinductive and post-photeinductive treatments were given to three 
varieties of wheat (Triticum vulgare: var. N.P. 165, N.P. 52, and P.C. 591), 
for varying periods and their effect on stem elongation and tillering were 
studied. 

The effect of post-photoinductive treatment on stem elongation is very 
marked. The rate of stem growth in the initial stages is high under LD treat- 
ment, and therefore the height reaches an early maximum. The rate in ND 
and SD treatments, on the other hand is slower but the growth continues 
for a longer period. 

A highly significant correlation exists between the vegetative period and 
the period of attainment of maximum height. It, therefore, appears that the 


Figures 17, 18, and 19. Effect of fifteen different combinations of photoinductive and post- 
photoinductive treatments in Vi (N.P. 52), Va (N.P. 165) and V3 (Punjab C. 591). 
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differential response of stem growth to photoperiodic treatments is brought 
about as a result of acceleration or retardation in flowering. The varietal 
differences in the periodic readings of height are clearly discernible in the 
case of P.C. 591, which flowers 5—9 days later. The smaller effect of photo- 
inductive treatment is due to its very short duration. 

Photoinductive and varietal effects on tillering are not very large for the 
very same reason as given above. Tiller production rises rapidly in ND 
plants and after reaching a maximum declines due to the dying off of the 
tillers. In LD and SD plants on the other hand, there is very little increase 
in tiller number. 
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If the amount of growth-inhibiting substances in a plant extract is to be 
determined, this can often be done by means of the Avena test, an investiga- 
tion being made of the ability of the extract to inhibit the effect of indole 
acetic acid in the test (Hemberg, 1946, 1947, 1949 a and b and 1950, and 
Larsen, 1947). The determinations can only be carried out if the extract of 
inhibiting substances is free from auxins or if the content of inhibiting sub- 
stances is so great that it entirely conceals the effect of the accompanying 
auxin. 

In the acid fraction of extracts fractionated according to Boysen Jensen’s 
(1941) method I or II there occurs, in addition to acid inhibiting substances, 
also acid auxin. In general the auxin content is here so great that the con- 
tent of inhibiting substances cannot be determined in the above-mentioned 
way. It may, however, be of interest to compare the content of inhibiting 
substances in the acid fractions of extracts prepared at different points of 
time, e.g. in studies on the röle played by growth-inhibiting substances in 
the case of the rest-period. In such investigations (Hemberg, 1947 and 
unpublished investigations) the procedure was as follows. Varying amounts 
of those extracts whose content of inhibiting substances was to be investi- 
gated were transferred to agar and this was subjected to the Avena test. 
Activity curves were plotted on the basis of these experiments with the amount 
of extract per 0.1 ml. agar indicated on the abscissa and the curvature of the 
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test plants expressed as d on the ordinate. If the lowermost parts of the 
activity curves coincided, it was assumed that the amount of auxin in the 
extracts was the same. The course of the curves above the common part was 
regarded as providing information about the content of inhibiting substances. 
If the curves bent off and ran parallel with the abscissa already at low values 
of d, it was assumed that more growth-inhibiting substance was present 
in the extracts than if they had bent off only when higher values of d had 
been reached. 

The objection might, however, be raised to these assumptions that it was 
not the amount of inhibiting substances which changed but the amount of 
auxin. In those cases in which the curves bent off at low values of d, the 
auxin content might have been iow; in those cases in which they bent off 
at higher values of d, it might have been higher. The content of inhibiting 
substances would, on the other hand, have been the same in both cases. 

The correctness of the assumption that the acid inhibiting substances 
do not influence the lowermost part of the course of the activity curves or 
only do so when they are present in very large amounts is, however, con- 
firmed by the fact that the inhibiting substances do not produce an effect 
on the quantitative auxin determinations if, in these, one only makes use of 
amounts of extracts yielding sufficiently low values of d. Then the same 
result is obtained in auxin determinations with acid auxin purified by means 
of fractionation as with acid auxin that has besides been subjected to further 
purification by means of diffusion (Hemberg, 1947, Fig. 11, p. 193). This in 
spite of the fact that the latter auxin extracts contain substantially smaller 
amounts of inhibiting substances than the former. 

In order to ascertain whether it can be decided from comparisons between 
the activity curves for different extracts if the content of inhibiting sub- 
stances in the different extracts varies in amount, some model experiments 
have been carried out; an account of these will be given below. 


Effect of Some Synthetic Acid Germination-Inhibiting Substances 
on Indole Acetic Acid in the Avena Test 


It has been assumed that germination inhibition and growth inhibition 
are Closely associated with each other (Evenari, 1949), even if the opposite 
has also been maintained (Lustig and Wachtel, 1938). Akkerman and Veldsta 
(1947) found in tomatoes two acid substances with germination-inhibiting 
effect, which are also active as inhibiting substances in the pea test. They 
isolated the substances and found them to be identical with caffeic acid and 
ferulic acid, and they assume that the acid germination-inhibiting substance, 
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Fig. 1. The synergistic effect of caffeic acid, ferulic acid and traumatic acid on indole 

acetic acid in the Avena test. Experiments with agar discs containing the same amount of 

indole acetic acid but varying amounts of the substances producing a synergistic effect. 

A. Caffeic acid. B. Ferulic acid. C. Traumatic acid. Abscissa: ug. of the substance producing 

a synergistic effect per 0.1 ml. agar. Ordinate: amount of recovered indole acetic acid in 
percentages of the amount in the control experiments. 


blastocholine, discovered by Köckemann (1934) in tomatoes, consists of 
these acids. Larsen (1939) extracted from tomatoes an acid ether- and 
water-soluble substance with inhibiting effect in the Avena test, which he 
presumes to be identical with blastocholine. If that were the case, ferulic 
acid and caffeic acid ought to produce an inhibiting effect on indole acetic 
acid in the same test. The same might be thought to apply in the case of 
traumatic acid, the wound hormone isolated by English, Bonner and 
Haagen-Smith (1939), which is also stated to have a germination-inhibiting 
effect. 

In an investigation to ascertain how the inhibiting substances act on indole 
acetic acid in the Avena test, it will be found most appropriate to use pure 
synthetic inhibiting substances in order thus to avoid all intermixture of the 
auxins accompanying the inhibiting substances. For that reason the first 
model experiments were made with indole acetic acid and the above-men- 
tioned synthetic substances. These substances have, however, proved to 
exert no inhibiting effect on the Avena coleoptile. Instead a strong stimu- 
lating effect has been observable in the presence of indole acetic acid. 

Method. — The experiments were carried out in such a manner that the 
same amount of indole acetic acid was transferred by means of Boysen Jen- 
sen’s (1937) dropping method to a number of agar discs, in some cases alone 
and in others together with varying amounts of the synthetic substances. 
The discs were afterwards subjected to the Avena test, and the amount of 
recovered indole acetic acid calculated. The agar was prepared, as in earlier 
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experiments (Hemberg, 1947), by mixing equal parts of 3 °/o agar and citrate 
buffer, pH 2.7, diluted to 1:5. 

Results. — Caffeic acid. Additions of small amounts of caffeic acid to the 
agar, 0.01—0.20 ug. per 0.1 ml. agar, proved sometimes to inhibit the effect 
of the indole acetic acid and sometimes to increase it. For it to be possible 
to say anything with certainty about how these small amounts of caffeic 
acid act, additional experiments must therefore be made. In higher concen- 
trations, up to 1.3 wg. per 0.1 ml. agar, no inhibition ever takes place, how- 
ever. Instead the addition of caffeic acid increases the effect of the indole 
acetic acid, so that very much greater curvatures are obtained with additions 
of caffeic acid than without, see Fig. 1 A. Caffeic acid without addition of 
indole acetic acid has no effect on the Avena coleoptiles, agar for instance 
with addition of 0.44 to 5.28 ug. caffeic acid per 0.1 ml. having no influence. 
The concentrations of caffeic acid that were used are all so low that they 
cannot be assumed to have influenced the pH of the agar, all the more so in 
view of the fact that the agar was buffered, see above. Also very much 
higher concentrations than 1.3 ug. per 0.1 ml. agar, proved to increase the 
effect of the indole acetic acid. The experiments with these concentrations 
are, however, not included in this paper, as the concentrations chosen were 
so large that a possible influence on the pH of the agar might be conceivable. 

Ferulic acid. Ferulic acid also increases, in the presence of indole acetic 
acid, the effect of the latter in the Avena test. Low concentrations have 
neither an inhibiting nor a stimulating effect, whereas higher ones substan- 
tially increase the curvatures of the coleoptiles, see Fig. 1 B. Ferulic acid 
alone is without effect on the Avena coleoptiles, agar for instance with addi- 
tion of 0.44 to 5.28 wg. ferulic acid per 0.1 ml. having no influence. 

Traumatic acid. This substance, too, exerts a stimulating effect in the 
Avena test in the presence of indole acetic acid, see Fig. 1C. 

Discussion. — In examining growth-inhibiting substances and growth- 
promoting substances the results obtained are different according to the test 
method employed. Thus, substances that in the pea test prove to be com- 
paratively active as growth-promoting substances, may, in the Avena test, 
prove to exert very slight effect, e.g. isopropyl indole (3)acetate, or even 
none at all, e.g. methyl 2-methyl-indole(3)acetate (Veldstra, 1944). Similarly, 
substances exerting an inhibiting effect in the pea test, such as caffeic acid 
and ferulic acid, can in the Avena test evidently be ineffective as inhibiting 
substances; indeed they can even produce a synergistic effect on indole acetic 
acid. Other substances exerting a synergistic effect in the pea and Avena 
tests have been described previously; for the relevant literature, see Aberg, 
1950. 


If caffeic acid and ferulic acid are identical with Kéckemann’s ( 1934) 
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blastocholine, they cannot be identical with the acid ether- and water- 
soluble substance isolated by Larsen (1939) from tomatoes, which produces 
an inhibiting effect in the Avena test. Nor can the acid growth-inhibiting 
substances found by Hemberg (1947, 1949 a) in potatoes be identical with 
blastocholine. 


Effect of Acid Growth-Inhibiting Substances from Tomatoes 
on Indole Acetic Acid in the Avena Test 


As none of the three substances examined proved to have an inhibiting 
effect on indole acetic acid in the Avena test, an acid growth-inhibiting 
substance from tomatoes was used instead as inhibiting substance in the 
subsequent experiments. This was obtained by ether extraction of tomatoes 
and fractionation of the extract secured in accordance with Boysen Jensen’s 
(1941) method II. The acid fraction contains growth-inhibiting acid sub- 
stances as well as acid auxin, if this occurs. However, no auxin was traced 
by means of the Avena test; consequently, either none was present or else 
the amount of inhibiting substances was extremely large in relation to the 
amount of auxin, so that the latter was unable to assert itself in the Avena test. 

Method and results. — To begin with two series of solutions were examined. 
These were prepared by mixing indole acetic acid solution and acid fraction 
of tomato extract. The solutions were prepared so that all contained equal 
amounts of indole acetic acid but different amounts of inhibiting substance. 
Varying amounts of these solutions were transferred to agar discs and tested 
by means of the Avena test. On the basis of the testing results obtained activity 
curves were plotted. These are constructed with the amount of indole acetic 
acid in ug. per 0.1 ml. agar indicated on the abscissa and the curvature of 
the test plants expressed as d shown on the ordinate, see Fig. 2. The tomato 
extract used for one of the series, Fig. 2 a—d, exhibits a weaker inhibiting 
effect than that used for the other, Fig. 2 e—h, which is due to the fact that 
the two extracts were prepared at different points of time with tomatoes 
obtained from two different sources and of different ripeness. 

The indole acetic acid solution used for the second series was slightly less 
active than that used for the first, due to the fact that the solution was not 
freshly prepared but had been preserved for some time. Consequently, curves 
a—d in Fig. 2 cannot straight away be compared with curves e—h. 

Fig. 2 a—d shows that in the case of lower contents of growth-inhibiting 
substances quite a large section of the activity curves for the various extracts 
coincides. The upper parts of the curves do not concide, however. Fig. 2a 
gives the activity curve for pure indole acetic acid, Fig. 2b that for an 
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Fig. 2. Activity curves for solutions containing the same amount of indole acetic acid but 

varying amounts of acid growth-inhibiting substance from tomatoes. a. Pure indole acetic 

acid solution. The other solutions contain per 0.1 ug. indole acetic acid extract from the 

following number of grammes of tomato tissue: b, 0.13; c, 6.0; d, 15.2; e, 4.2; f, 8.3; 

g, 16.6; h, 33.2. Abscissa: wg. indole acetic acid per 0.1 ml. agar. Ordinate: curvature of 
the test plants in d. 


extract containing extremely little inhibiting substance. A certain stimulation 
may possibly be traced in b. That small amounts of inhibiting substance 
stimulate the effect of the indole acetic acid is a fact already known (see 
Evenari, 1949, p. 174). Curves c and d bend off earlier than curve a and 
represent extracts containing 46 and 117 times as much inhibiting substance 
respectively as the extract represented by b. 

If we consider the second series of extracts represented by curves e—h in 
Fig. 2, we find that all four curves coincide in their lowermost point. Curve e, 
which contains the smallest amount of inhibiting substance, reaches the 
highest values of d exhibited in these four curves. This curve represents an 
extract which appears to contain slightly more inhibiting substance than the 
extract represented by curve d. If the extracts had been prepared simultane- 
ously and had contained exactly the same amount of indole acetic acid, 
curves d and e would undoubtedly have coincided in their lower parts. Now 
they run parallel instead. The difference is otherwise not particularly great. 
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Fig. 3. Activity curves for solutions containing the same amount of acid inhibiting sub- 
stance from tomatoes but varying amounts of indole acetic acid. a contains 0.00645 yg. 
indole acetic acid per ml. solution and b 0.00247 ug. c and d are the activity curves, 
calculated from curve a in Fig. 2, for indole acetic acid solutions containing the same 
amount of indole acetic acid as a and b respectively. Abscissa: number of ml. of extract 
corresponding to 0.1 ml. of agar. Ordinate: curvature of the test plants in d. 


Curve f represents an extract containing twice as much inhibiting substance 
as that represented by curve e. In g the amount of inhibiting substance has 
again increased twofold as compared with f and in h twofold as compared 
with g. Curves f—h, as mentioned above, have their lowermost point in 
common with curve e, but afterwards run more level than e. The two 
lowermost points in the last three curves coincide. Thus the curves differ 
from each other only in their upper course. The curve containing most 
inhibiting substance exhibits the most level course. 

Fig. 3 reproduces the activity curves for two extracts which per ml. contain 
the same amount of inhibiting substance but a different amount of indole 
acetic acid. Curve a represents the extract richest in indole acetic acid, which 
contains 2.6 times as much auxin as the extract represented by curve b. 
Curves c and d are the calculated activity curves for pure indole acetic acid 
solutions containing the same amount of indole acetic acid per ml. as a and 
b respectively. They were calculated from curve a in Fig. 2. Curve b in 
Fig. 3, which represents the extract poorest in auxin, is displaced to the 
right in relation to curve a. Thus the lowermost parts of the two curves do 
not coincide, which they ought to have done if they had represented extracts 


444 TORSTEN HEMBERG 


that had contained the same amount of auxin. On the other hand, each 
curve coincides with the corresponding curve for pure indole acetic acid. 

Discussion. — The following conclusions may be drawn from these results. 
If the acid fractions of a series of extracts prepared at different points of 
time from the same plant material yield activity curves which coincide in 
their lower parts but exhibit a different course in their upper, this indicates 
that the extracts in all probability contain varying amounts of inhibiting 
substance but the same amounts of auxin. The length of the coinciding 
sections of the curves is dependent upon the amount of inhibiting substance 
present in the different extracts. If the amount in an extract is relatively 
great, the curve for this may perhaps only have its lowermost point in com- 
mon with the other curves. If the curves do not coincide but are displaced 
in relation to each other along the abscissa, this must be regarded as due to 
a change in the amount of auxin, whereas the amount of inhibiting substance 
can be the same or can have decreased or increased. In a case of that kind 
one can discover nothing from the activity curves as to how the amount 
of inhibiting substance has changed. 

That the activity curves for auxin extracts containing the same amounts 
of auxin coincide in their lowermost part, even if the extracts contain dif- 
ferent amounts of inhibiting substance, seems to apply only in the case .of 
extracts containing acid inhibiting substances. Thus Larsen (1947) showed 
that activity curves for extracts containing neutral auxin and neutral in- 
hibiting substance from tomatoes also in their lower course run in a different 
way from activity curves for pure neutral auxin. 


Summary 


1. Caffeic acid, ferulic acid and traumatic acid produce a synergistic 
effect on indole acetic acid in the Avena test. 

2. From the activity curves for the acid fractions of extracts prepared at 
different points of time from the same plant material one can gain an idea 
of the displacements, if any, in the content of acid inhibiting substances 


contained in the extracts, if only the auxin amount does not simultaneously 
change. 


The caffeic acid and the ferulic acid were placed at the author’s disposal by 
Dr. H. Veldstra, Amsterdamsche Chininefabriek, Amsterdam; the traumatic acid by 
professor M. G. Stalfelt, University of Stockholm. This paper has been produced with 
the aid of a grant from the Swedish Science Research Council. The author is 


indebted to Miss Bettina Henke for valuable technical assistance, and to Miss Kathleen 
Pain for the english translation. 


ACID GROWTH-INHIBITING SUBSTANCES IN PLANT EXTRACTS 445 


References 


Aberg, B.: On auxin antagonists and synergists in root growth. — Physiol. Plant. 3: 447. 
1950. 

Akkerman, A. M. & Veldstra, H.: The chemical nature of Kéckemann’s blastocholine from 
Lycopersicon esculentum Mill. — Rec. Trav. Chim. 66: 411. 1947. 

Boysen Jensen, P.: Ueber eine Mikromethode zur quantitativen Bestimmung der Wuchs- 
stoffe der A-Gruppe. — Planta 26: 584. 1937. 

— Quantitative Bestimmung der beschleunigenden Streckungswuchsstoffe in der sauren 
Fraktion der Ätherextrakte aus höheren Pflanzen. — Planta 31: 653. 1941. 

English, J., Bonner, J., & Haagen-Smith, A. J.: The wound hormones of plants. IV. Struc- 
ture and synthesis of traumatin. — Journ. Amer. Chem. Soc. 61: 3434. 1939. 

Evenari, M.: Germination inhibitors. — Bot. Rev. 15: 153. 1949. 

Hemberg, T.: Wachstumhemmende und wachstumfördernde Stoffe bei der Kartoffel. — 
Arkiv f. Bot. 33B, No 2. 1946. 

—— Studies of auxins and growth-inhibiting substances in the potato tuber and their 
significance with regard to its rest-period. — Acta Hort. Berg. 14: 133. 1947. 

— Significance of growth-inhibiting substances and auxins for the rest-period of the 
potato tuber. — Physiol. Plant. 2: 24. 1949 a. 

— Growth-inhibiting substances in terminal buds of Fraxinus. — Physiol. Plant. 2: 37. 
1949 b. 

— The effect of glutathione on the growth-inhibiting substances in resting potato tubers. 
— Physiol. Plant. 3:17. 1950. 

Köckemann, A.: Ueber eine keimungshemmende Substanz in fleischigen Früchten. — Ber. 
deut. bot. Ges. 52: 523. 1934. 

Larsen, P.: Ueber Hemmung des Streckungswachstums durch natürlich vorkommende, 
ätherlösliche Stoffe. Planta 30: 160. 1939. 

— Avena curvatures produced by mixtures of growth promoting and growth retarding 
substances. — Amer. Journ. Bot. 34: 349. 1947. 

Lustig, B. & Wachtel, H.: Ueber biochemische Beeinflussung der Keimung und des Wachs- 
tums der Cardaminesamen. I. Mitt. Einfluss der äusseren Faktoren und der Salze. — 
Biochem. Zeits. 296: 13. 1938. 

Veldstra, H.: Researches on plant growth substances IV. Relation between chemical struc- 
ture and physiological activity I. — Enzymologia 11:97. 1944. 


PHYSIOLOGIA PLANTARUM, VOL. 4, 1951 


The Osmotic Equivalent and Osmotic Potential Difference 
of Plant Cells 


By 
J. LEVITT 


Department of Botany, U. of Missouri, Columbia, Mo. 
(Received May 7, 1951) 


In a previous paper (1) an attempt has been made to clarify some of the 
terminology and equations for the osmotic quantities of plant cells. No deci- 
sion was arrived at as to the correct name for the symbol P. Furthermore, 
this symbol was used primarily for the relation between the cell and its 
surrounding solution. The cell to cell relations were not, however, touched 
on. Heretofore, plant physiologists have used terms such as the »suction 
tension», »diffusion pressure deficit», etc., with the idea that if water exchange 
is controlled by simple diffusion, it will move from a cell with a low to a cell 
with a high »suction tension» or »diffusion pressure deficit». The main 
difficulty is that none of the proposed terms have any clear-cut physical 
significance. The purpose of this note is to replace such terms by the expres- 
sion »osmotic equivalent», and to name P the »osmotic potential difference». 

In the earlier paper (1), Thoday’s proposal to use »osmotic potential» 
instead of »osmotic pressure» was adopted. The »osmotic potential» was 
defined as the maximum osmotic pressure attainable by a solution under 
ideal conditions or the equivalent of the counterpressure that is just suffi- 
cient to stop osmosis when the solution is separated from pure solvent by a 
semi-permeable membrane. But it is not the osmotic potential of the cell’s 
soiution that reveals the direction of water movement from cell to cell, since 
diffusion of water can occur from a cell with a higher osmotic potential to 
one of lower osmotic potential or vice versa. This is due to the wall pressure 
which increases the activity of the water molecules in opposition to the 
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osmotic decrease. We must, therefore, speak of the »osmotic equivalent» of 
a cell, which would be defined as the osmotic potential of a solution in equi- 
librium with the cell. Water would then always diffuse from a cell of lower 
osmotic equivalent to a cell of higher osmotic equivalent, and for each cell 
the quantity would be equal to the osmotic potential of the cell solution minus 
the wall pressure, i.e. 


2,00 re 

where E,=osmotic equivalent of cell 
O,=osmotic potential of cell 
p.= wall pressure (on cell solution). 


Similarly, if the osmotic equivalents of two cells are known, the osmotic 
potential difference between the two would be equal to the difference between 
these two values, i.e. 

P=E, —E, 


where P=osmotic potential difference, E, and E, are osmotic equivalents 
of cells 1 and 2. 

This value P would give the potential maximum increase in turgor (or 
wall) pressure of the cell with the higher osmotic equivalent if it were allowed 
to come to equilibrium with the other. It should be emphasized that this 
value is not the difference between the osmotic potentials of the two cell 
solutions but the difference between the respective osmotic equivalents of 
the cells. 

The terms »diffusion pressure» and »diffusion pressure deficit» currently 
used by plant physiologists should definitely be dropped. The quantity that 
the latter was intended to deal with is actually an energy difference. What 
it attempts to portray is the particular real osmotic pressure (i.e. the turgor 
pressure or wall pressure) that could develop under certain prescribed con- 
ditions due to the free energy difference between water molecules on two 
sides of a membrane. But the term »diffusion pressure» has lead students 
(as well as teachers) to believe that there is a real pressure of several 
atmospheres exerted across the membrane when a flaccid cell is placed in 
water. The only real pressure difference at this instant is the vapor pressure 
difference and this is only a small fraction of the so-called »diffusion pres- 
sure deficit». These incorrect implications are avoided by the expression 
»osmotic potential difference» which measures and energy difference in 
terms of the real pressure that may develop. 

The suggested terminology attempts to simplify the situation by retaining 
only two kinds of quantities — potential pressures (the pressures capable 
of developing due to a free energy difference between the water molecules) 
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and real pressures; by eliminating the ambiguous term diffusion (which 
might apply to solute or solvent) in favour of osmotic (which always implies 
diffusion of the solvent); by eliminating the term pressure when there is no 
real pressure (i.e. diffusion pressure). 

Thus there are five different osmotic quantities (or pressures) : 


a) real pressures b) potential pressures 
wall pressure osmotic potential 
turgor pressure osmotic equivalent 

osmotic potential 
difference. 
Reference 


1. Levitt, J.: Osmotic quantities in plant cells. — Science 113: 228. 1951. 
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Effect of Pyridoxine on Growth of Scenedesmus obliquus 
By 
SVEN ALGEUS 


Botanical Laboratory, University of Lund 
(Received May 8, 1951) 


In a number of previous experiments the author has shown that aspartic 
acid can be utilized as a source of nitrogen by Scenedesmus obliquus and 
several other planktonic green algae (Algéus, 2, 3). The rates of cell division 
and nitrogen assimilation were, however, low. This seems to indicate that the 
nitrogen assimilation has a limiting effect upon the growth. In bacteria and 
higher plants aspartic acid is transformed into glutamic acid by means of a 
transamination process, which is catalyzed by pyridoxal phosphate, the 
coenzyme of transaminase (Lichstein, Gunsalus and Umbreit, 13). Through 
a second transamination the nitrogen of the glutamic acid can then be trans- 
ferred to pyruvic acid (O’Kane and Gunsalus, 16) with the formation of 
a-alanine, a substance from which many other-amino acids are derivatives. 
In the present investigation the value of aspartic acid as a source of nitrogen 
for Scenedesmus obliquus has been tested in the presence of pyridoxine 
(vitamin B,), the alcohol corresponding to pyridoxal, in order to ascertain 
whether the nitrogen is utilized by the same process of transamination as is 
found in higher plants and bacteria or by a deamination, in which ammonia 
is formed as an intermediary product. Since glutamic acid is involved in the 
transamination reactions, the value of this amino acid as nitrogen source 
has also been studied and a comparison has been made between the effects 
of the two dicarboxylic amino acids. 

The method has been the same as that employed earlier (Algéus, 1, 2). The 
following points, however, should be emphasized. The aspartic acid solutions, which 


stand moderate heating, have been subjected to fractional sterilization at 100° C. 
The solutions of glutamic acid, on the other hand, have been treated by sterile 
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filtration. In the heating of solutions of glutamic acid or its salts to c. 80° C water 
is split off and pyrrolidone carbonic acid is formed according to the reaction 
(Winterstein, 20): 


CH, = CH, CH, CH, 
| a H,O | | 
COOH CH - COOH —— CO CH-COOH 
| Ce 
NH, NH 
glutamic acid. pyrrolidone carbonic acid 


Since the reaction takes place most readily in neutral or slightly acid solution the 
conditions for the formation of pyrrolidone carbonic acid are optimal in nutrient 
media. On prolonged heating practically a 100 per cent yield is obtained of this 
acid, which has entirely different properties than glutamic acid. In the sterile 
filtrations a membrane filter no. 15 from Satoriuswerke A. G., Gôttingen has been 
used. The filtrations have been carried out under such conditions that the solutions 
have not come in contact with copper or other injurious heavy metals. The organic 
compounds containing nitrogen, DL-aspartic acid and L(+) glutamic acid, have 
been employed in concentrations corresponding to 10 mg. of nitrogen per culture. 
There was thus an excess of nitrogen. The pH was adjusted to 7.0 with sodium 
hydroxide. The coenzyme was added in the form of pyridoxine hydrochloride (vita- 
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Fig. 1. The ejfect of pyridoxine on growth in aspartic acid cultures. The abscissae give 
the time in days, the ordinates the number of cells per mm, o—-——o indicate cultures 


with pyridoxine, © 


e the control cultures. 
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Fig. 2. The effect of pyridoxine on nitrogen assimilation in aspartic acid cultures. The 
abscissae give the time in days, the ordinates the nitrogen content per culture in mg. 
o —o indicate cultures with pyridoxine, e e the control cultures. 


min B,) in a concentration of 1 mg. per litre. The experimental organism was Scene- 
desmus obliquus. The experiments were carried out in light with the atmospheric 
carbon dioxide as the source of carbon under the same conditions as in previous 
experiments with Scenedesmus obliquus (Algéus, 2). 


Experiment 1. Aspartic acid and pyridoxine. Figure 1 shows the growth 
expressed in cells per mm.? in comparison with a culture series without 
pyridoxine. From these curves it is evident that the rate of growth is con- 
siderably greater in the solutions supplemented with vitamin B, than in the 
vitamin-free media. While the rate accelerates in the former, it remains 
constant in the latter. In both cases growth is still taking place on the forty- 
eighth day when the number of cells is about three times as great in the 
B,-cultures as in the controls. Figure 2 represents the nitrogen content, and 
here also the vitamin cultures show a considerably higher rate of assimila- 
tion than the controls. In both cases the rate is constant or almost constant. 
The nitrogen content per culture after 48 days is c. 0.26 and 0.13 mg. respec- 
tively. Since the rate of cell division in the vitamin solutions is greater than 
in the controls the nitrogen content per cell in the former is somewhat lower 
than in the latter (figure 3). In neither case is there any occurrence in the 
external medium of ammonia or of volatile amines which can be detected 
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Fig. 3. Nitrogen content of the individual cell in cultures with aspartic acid. The abscissae 
indicate the time in days, the ordinates the nitrogen content per cell in mg. Cultures with 
aspartic acid + pyridoxine (o) and cultures with aspartic acid alone (e). 
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Fig. 5. Nitrogen content of the individual cell in cultures with glutamic acid (and 
giutamine). The abscissae indicate the time in days, the ordinates the nitrogen content per 
cell in mg. Cultures with glutamic acid (0) and with glutamine (e). 


by Nessler’s reagent. The results may be summarized as follows: Cultures of 
Scenedesmus obliquus with aspartic acid as the source of nitrogen exhibit 
higher rates of growth and assimilation of nitrogen upon the addition of 
pyridoxine (vitamin B,). 

Experiment 2. Glutamic acid. Since pyridoxal, the aldehyde corresponding 
to pyridoxine, in the form of a phosphate ester constitutes the prosthetic 
group in transaminase, one may assume that the reaction aspartic acid+ 
a-ketoglutaric acid = glutamic acid+oxaloacetic acid is catalyzed by pyri- 
doxine. From this point of view one is justified in investigating also the 
utilization of glutamic acid as a source of nitrogen. Figure 4 shows the 
growth and nitrogen assimilation in a series of glutamic acid solutions under 
the same external conditions as in the foregoing experiment. Although the 
values of the growth curve are somewhat irregular a comparison with figure 1 
shows that the rate of growth as well as the final cell count are greater with 
glutamic acid than with aspartic acid. No noteworthy cell division took place 
after about the thirty-fifth day, while the growth in the aspartic acid cultures 
continued uninhibited after 50 days. The number of cells per mm.? in 
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Fig. 6. Rate of nitrogen assimilation of the individual cell. The abscissae indicate the time 
in days, the ordinates the rate in cultures with aspartic acid (o———o), aspartic acid + 
pyridoxine (X -X) and glutamic acid (e 


e) in mg. per cell per day. 


aspartic acid, aspartic acid+ pyridoxine, and glutamic acid at this point 
amounted to c. 3,000; 10,000; and 25,000 respectively. Figure 4 also shows 
the nitrogen content of the glutamic acid cultures at different intervals. The 
final nitrogen content is 20 times as great as with aspartic acid and 10 times 
as great as with aspartic acid+B, (figure 2). The differences between the 
nitrogen content of the individual cells are evident from a comparison of 
figures 3 and 5. In the glutamic acid cultures the nitrogen content passes 
a minimum during the period of the most rapid cell division and thereafter 
rises to 20-10—1° mg. per cell, while in the aspartic acid cultures it remains 
around 6 to 10 : 10°-1° mg. per cell. The average rate of nitrogen assimilation 
of the individual cell at different intervals is shown in figure 6. The fact that 
the rate of nitrogen assimilation in the glutamic acid cultures after the thirtieth 
day is slightly increased is related to the difficulty in obtaining a satisfactory 
course of the growth curve in figure 4, where the values from after about 
the thirtieth day exhibit an unusually wide spread. The curves in figure 6 
show clearly the different rates of nitrogen assimilation in the cultures. It is 
evident that glutamic acid is a very much better source of nitrogen than 
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aspartic acid, regardless of whether the latter is supplemented with pyridoxine 
or not. 

The results obtained with glutamic acid are from a certain point of view 
rather surprising. It is a well known fact (O’Kane and Gunsalus, 16) that 
pyridoxal phosphate catalyses not only the process 


aspartic acid+ «-ketoglutaric acid — glutamic acid + oxaloacetic acid (I) 


but also the further conversation of glutamic acid into alanine according to 
the reaction 


glutamic acid+ pyruvic acid = q-alanine+ q-ketoglutaric acid (M). 


Glutamic acid should in accordance with the foregoing react like aspartic 
acid, provided that there is a deficiency of pyridoxal phosphate which has a 
limiting effect. There are several possible explanations as to why the cultures 
with aspartic acid alone and aspar‘ic acid with pyridoxine are quantitatively 
inferior to the glutamic acid cultures. Although a definite answer to the 
question can only be obtained from further experiments some different 
alternatives are enumerated and discussed below. 

1) In addition to transamination pyridoxal phosphate is also active in the 
decarboxylation of amino acids (Umbreit and Gunsalus, 18). In decarboxyla- 
tion ß-alanine is formed from aspartic acid, and y-aminebutyric acid from 
glutamic acid. Of these ß-alanine is recognized as a growth factor (Mueller 
and Klotz, 14, Nielsen and Hartelius, 15), and it has been shown to be a 
component of pantothenic acid (Williams et al., 19). Let us assume that the 
dicarboxylic acids are not utilized in a transamination reaction and that an 
addition of pyridoxine to the aspartic acid cultures gives rise through a 
decarboxylation to ß-alanine with growth-promoting properties. The effect 
of pyridoxine in experiment 1 would thus be explained and at the same time 
the results with aspartic acid could be discussed independently of those with 
glutamic acid. 

2) Another possibility is that aspartic acid and glutamic acid are broken 
down according to two different mechanisms: the former by a transamination 
which is indicated by the effect of pyridoxine, the latter by a deamination. 
It is a well known fact that the majority of higher plants contain a glutamic 
dehydrogenase (Berger and Avery, 4, 5; Bonner and Wildman, 7), while a 
corresponding enzyme for oxidative deamination of aspartic acid seems to 
be lacking (Bonner, 6). 

3) If the assimilation of amino-nitrogen follows reactions I and II above 
the conversion of aspartic acid to g-alanine also can be limited by a-keto- 
glutaric acid or glutamic acid, which are required only in catalytic amounts 
(O’Kane and Gunsalus, 16). 
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4) Finally the existence of two different transaminases must be considered 
(Braunstein, 8, Braunstein and Kritzman cited by Street, 17), although Cohen 
(9, 10) maintains that only one enzyme is responsible for the transamina- 
tions. According to Green et al. (12) the two enzymes, glutamic-aspartic 
transaminase and glutamic-alanine transaminase, have the same coenzyme, 
pyridoxal phosphate, which carries out the transfer of nitrogen by way of 
pyridoxamine phosphate. 

Only by further experiments, as has been pointed out above, can con- 
clusive evidence be obtained as to which of the possibilities outlined here 
can be considered. It may already be stated here, however, that alterna= 
tive 1) can be excluded since ß-alanine and pantothenic acid do not have 
any growth promoting effect on Scenedesmus obliquus. Experimental 
evidence for this will be presented in a later paper. Jt can thereby also be 
considered established that at least aspartic acid is utilized through a trans- 
amination process. Moreover, since glutamic acid seems to occur in green 
algae in relatively large amounts (Eny, 11) alternative 3) appears less prob- 
able. Although the fact that ammonia is not found in glutamic acid cultures 
seems to speak against an oxidative deamination according to alternative 2) 
one must consider a breakdown of glutamic acid in this way as one of the 
most likely possibilities. The other one should then be that outlined in alter- 
native 4) above. Assuming that there is an excess of alanine-transaminase but 
that the activity of the aspartic-transaminase is limited by a lack of coenzyme, 
a satisfactory explanation of the results of experiments 1 and 2 is obtained 
even according to this alternative. Only enzymatic studies can give a definite 
conclusion. In any case it is evident that glutamic acid occupies a more central 
position in the nitrogen metabolism of Scenedesmus obliquus than aspartic 
acid in that its nitrogen is more readily available in protein synthesis. 


Summary 


1. Pure cultures of Scenedesmus obliquus were grown with aspartic acid 
as the source of nitrogen with and without the addition of pyridoxine hydro- 
chloride (vitamin Bg). 

2. Both the growth and nitrogen assimilation rates were higher in the 
cultures containing the vitamin supplement than in those which were vitamin- 
free. In neither case was there any occurrence of ammonia or volatile amines 
in the external medium. | 

3: Glutamic acid proved to be a very much better source of nitrogen than 
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aspartic acid, regardless of whether the latter was supplemented with pyri- 
doxine or not. There was no occurrence of ammonia in the external medium 
in this case either. 

4. The results have been discussed from an enzymatic viewpoint. It is 
evident that aspartic acid is utilized by a transamination. Whether glutamic 
acid undergoes a transamination or an oxidative deamination appears un- 
certain. 

5. It is obvious that glutamic acid occupies a more central position in the 
nitrogen metabolism of Scenedesmus obliquus than aspartic acid in that its 
nitrogen is more readily available in protein synthesis. 

This and previous works by the author on the role of amino acids in the meta- 


bolism of green algae were aided by grants from the National Scientific Research 
Council of Sweden. 
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Note on the Utilization of Glutamine by Scenedesmus 
obliquus 


By 
SVEN ALGEUS 


Botanical Laboratory, University of Lund 
(Received May 8, 1951) 


In connection with an experiment with glutamic acid as a source of nitro- 
gen for Scenedesmus obliquus (Algéus, 2) the utilization of glutamine was 
also tested. Since only a few analyses have been carried out, as is shown in 
figure 1, the results may be regarded as preliminary. As far as the method 
is concerned it should be pointed out that the glutamine solutions were 
treated by sterile filtration since the substance after a brief heating to the 
boiling point is more or less completely hydrolyzed into ammonium gluta- 
mate, which in turn is converted into pyrrolidone carbonic acid. The figure 
shows the high rates of growth and nitrogen assimilation during the short 
experimental period. The nitrogen content of the individual cell at different 
intervals is given in figure 5 (Algéus, 2). The excess of ammonia in the cul- 
tures of c. 0.5 mg. indicates that the amide-nitrogen is primarily utilized 
through a deamidation process in the same manner as has been demonstrated 
to be the case with asparagine (Algéus, 1). In other respects the results with 
these two amides are quantitatively different, which is not surprising since 
the hydrolysis of the amide groups is catalyzed by different enzymes, aspar- 
ginase and glutaminase (Krebs, 3, Schwab, 4), and the reaction products are 
completely diverse. It has previously been demonstrated that amides give 
different results in regard to rates of growth and nitrogen assimilation and 
the secondary effects in the solutions (Algeus, 1). In summing up it can be 
noted that glutamine is very superior to both asparagine and succinamide as 
a source of nitrogen for Scenedesmus obliquus. 
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Fig. 1. Growth, nitrogen assimilation, and ammonia production in cultures with glutamine. 

The abscissae show the time in days, the ordinates the number of cells per mm?. (o 0), 

the nitrogen assimilation (e e) and ammonia production (X) in mg. of nitrogen 
per culture. 
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Seasonal Variation in Composition of Birch Leaves 
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The use of leaf composition as an index of the supply of available plant 
nutrients in the soil requires a good knowledge of the seasonal trends in 
leaf content of various nutrients. This information must be obtained sepa- 
rately for every species used as a test plant, and preferably from plant 
specimens growing under conditions similar to those tested in the subsequent 
analysis. Seasonal curves for tree leaf composition have often been made for 
trees growing in gardens or under other very specialized conditions. 

Several reasons suggest the birch as a test plant, if foliar analysis should 
be applied in Swedish forestry (9, 10). Some data of the seasonal variation 
in composition of birch leaves have been published by Aaltonen (1), but his 
values are too few to give a certain knowledge of the trends, which is 
admitted by Aaltonen himself (l.c. p. 13). 

The present investigation deals with the per cent dry weight content of 
nitrogen, phosphorus, potassium, and calcium in birch leaves. Birches 
(Betula verrucosa Ehrh.) growing in two different localities have been 
sampled en eight occasions from May 29 to November 1, 1950. 


Area investigated 


The birches studied are growing in an area briefly described earlier (7), 
lat. N. 59° 52’, in Uppland near the coast of the Baltic. 

Four young birches have been sampled. Their height is about five metres; 
the age has not been investigated, but is probably ca. 15 years, perhaps some- 
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what more. Two of the sample trees grow together from the same root, in a 
hardwood forest partly cleared by man and kept open by mowing (=park 
meadow, Romell 5). Growing in the southern margin of such a small opening, 
with older but not very high oaks and a pine a few metres southward, 
the birches have a good and relatively even supply of light to all branches. 

The site described represents a closed and — if the mowing continues — 
stable plant community. The habitat of the other sample birches is of a very 
different type, an old gravel pit supporting a kind of pioneer vegetation. 
About two metres of sea-washed glacial drift have been removed from a 
west-exposed slope. The ground is now covered by small stones and an open 
plant community containing scattered Chamaenerion angustifolium and Fra- 
garia vesca. Pines and birches have invaded since the gravel removal has 
stopped (15—20 years ago), and are beginning to form an open stand. Two 
birches, growing half a metre apart in the upper part of the slope, were 
chosen for sampling. The site appears to be very dry, and little humus has 
collected in the soil surface. The supply of mineral nutrients is thought to be 
good, as the moraine contains Siluric limestone in addition to Archaean 
granite and gneiss. 

At the lower end of the slope moisture and nutrient supply appear to be 
extremely favourable. Alders, ashes and birches are here growing among 
abundant Chamaenerion, two metres high, and Rubus idaeus. Two birches 
here were sampled on some occasions (see text and Table 1). 


Sampling 


Most earlier investigators have picked a certain number of leaves of a 
specified elevation and exposure (see for example Mitchell 3, Olsen 4). This 
technique compensates to a large extent for differences in composition be- 
tween leaves from different branches, but it is very difficult to decide whether 
samples taken on different occasions really represent comparable aliquots. 
Leaves of different size or position may well have a different development, 
so that some types may be under- or overrepresented in certain samples. 
In the present investigation some accuracy has been sacrificed by not taking 
large numbers of leaves from different branches. Instead a simpler technique 
has been chosen, which however avoids subjective selection of the individual 
leaves. 

At every sampling all leaves were taken from one branch of each of the 
four birches. The branches were located approximately 1.5 to 2.5 m above 
ground. In some cases two small branches were sampled instead of one 
larger; one branch just above and one just below the range mentioned. When 


SEASONAL VARIATION IN COMPOSITION OF BIRCH LEAVES 463 


Table 1. Nitrogen, phosphorus, potassium and calcium as per cent dry weight of birch 
leaves picked fresh (f) or after drying on the branches (d). Samples collected 6.VIII.1950. 


ee a nn ee 
Sample 9/0 N 00 P 0/0 K 9/0 Ca 


No Location 
5 f d Diff. f d Diff. if d Diff. fi d Diff. 
697 2.29) 2.34 ; 5 
2 30 2 34 + 0.04 0.169|0.173|+- 0.004! 0.89) 0.89 0.00! 1.14) — — 
698 2.34) 2.28 


Dak 9.372281 0.08| 0.161.0.166,—+- 0.005| 0.82) 0.77 — 0.05} 1.14] 1.11/— 0.03 


DR 
BP Pie Emeadonez 2,22 STE 99) 0116510179 + 0.014] 0.68] 0.66/— 0.02] 0.69] 0.64|— 0.05 


2.21] 2.31 
| 
700 2.24| 2.22 | , 
2901292 0-00 0.152/0.158/-+ 0.004] 0.58] 0.61)+ 0.03) 0.68] 0.68] 0.00 
© 5 
hs Dry er er — 0.10} 0.144/0.150!-- 0.006) 0.78! 0.81|-++ 0.03] 0.75| 0.75] 0.00 
gravel ; \ 
705 2.46 2.48 


pit 9.45 2 41 0.00) 0.215,0.205| — 0.010 0.84, 0.86)-++ 0.02] 0.78| 0.80/+ 0.02 


208 Moist oie SU — 0.03 0.167/0.171|-+ 0.004| 1.38) 1.41]-+ 0.03] 0.81| 0.82)-+ 0.01 
707 ake 2 2.70 

; 2 

pit 12,81, 2,70) 0-11, 0.167|0.169 + 0.002 1.44] 1.56 0.12) 0.87/ 0.841— 0.03 


Averages of differences ...... 0.00 + 0.004 + 0.02 — 0.01 


both green and yellow leaves occurred together in sufficient amounts, both 
types were sampled but not the intermediate ones. This involves a selection, 
but does not affect the main subject of the investigation, which has been 
the trends of nutrient content in green leaves. It is nonetheless important to 
discover how far the yellowing process is connected with changes in leaf 
nutrient status, especially in the autumn; and whether such changes are 
restricted to yellowish leaves or occur also in green leaves at the time yellow- 
ing begins. 

Branches in the following positions were sampled: 1) South-exposed branch 
from the southern of the twin birches in the meadow; 2) North-exposed 
branch from the northern meadow birch; 3) South-exposed branch from the 
southern gravel pit birch; 4) North-exposed branch from the northern gravel 
pit birch. 

The leaves were in most cases picked immediately from the branches, but 
on a few occasions the whole branches were dried and the leaves removed 
later. A migration from excised branches to drying pine needles has been 
reported by Heiberg (paper read during VII Int. Bot. Congr.). A test of this 
migration was made on the samples from August 6, when half of the leaves 
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from eight branches were picked directly and the rest after drying. The 
analyses (Table 1) fail to indicate any clear difference in composition between 
the two sets of leaves. Small differences occur in both directions. 


Analytical methods 


The air-dry samples were ground in a Wiley-mill and dried 48 hours in a vacuum 
oven at 55 ° and ca. 15 mm pressure. Nitrogen was determined titrimetrically on 
duplicate samples (micro-Kjeldahl method). The samples for determination of phos- 
phorus, potassium and calcium were wet-ashed with nitric and perchloric acid. 
Phosphorus was determined according to Scheel (6), while potassium was deter- 
mined flamephotometrically (cf. Ehrlin-Tamm 2; though butane was used instead 
of acetylene). Calcium was precipitated as oxalate at pH 4 in a 15 ml tube and centri- 
fuged; the precipitate was dissolved in dilute hydrochloric acid and measured flame- 
photometrically. 

The average difference between duplicate samples of green leaves has been one 
per cent of the nitrogen values, 2 per cent of the phosphorus and potassium values, 
and 3 per cent in the case of calcium. 


Results 


The results are given in Table 2. Fig. 1. presents a graphic picture of the 
seasonal trends in leaf nutrients in the meadow birches. 

North-exposed and south-exposed leaves from the meadow birches have 
not differed much in composition, and the differences have apparently little 
or nothing to do with the exposure of the branches in the case of nitrogen, 
phosphorus and calcium. Potassium has been slightly higher in south- 
exposed leaves except in the autumn, when the reverse is true. The averages 
of each pair of samples have been used for Fig. 1. 

Leaf nitrogen, phosphorus and potassium are high in early summer and 
fall later. The decrease in nitrogen and phosphorus is rapid in June; during 
July, August and September leaf nitrogen and phosphorus (phosphorus in 
particular) have been virtually constant, as far as green leaves are concerned. 
The per cent content of potassium decreases during every interval, except 
in green leaves between 15.IX. and 2.X. Leaf calcium, on the other hand, 
increases steadily. 

At the sampling on September 15 a few leaves were yellowish, but only 
green leaves were sampled. On October 2 about half of the leaves were still 
green, and the rest yellow or intermediate. Table 2 shows that in leaves 
remaining green nitrogen, phosphorus and potassium have changed little 
from September 15 to October 2. Calcium has increased slightly. On the other 
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Table 2. Per cent dry weight of nitrogen, phosphorus, potassium and calcium in birch 
leaves coliected at different dates. 


ee ee Ba 
Date of Sampling. Colour of Leaves. 


Ele- | Expo- 
ment | sure | 29. V. |25. VI. 
Green | Green 


N : 
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meadow K South | 1.02 | 0.79 | 0.73 | 0.68 0.62 0.52 = 0.54 0.43 0.23 
North | 1.04 | 0.68 | 0.62 | 0.58 0.52 0.51 = 0.62 0.67 0.40 
Ca | South | 0.49 | 0.56 | 0.56 | 0.69 0.72 0.73 = 0.83 0.83 1.06 
North | 0.42 | 0.59 | 0.58 | 0.68 0.79 0.72 = 0.77 0.83 0.97 
N South | 3.72 | 2.66 | 2.08 | 2.46 2.10 2.20 0.96 1.80 1.02 0.80 
North. | 3.18 | 2.25 | 1.83 | 2.04 1.80 1.68 1.10 1.73 1.06 0.74 
R North | 0.42 | 0.21 | 0.16 | 0.22 0.14 0.17.-n:d. | n.d. 0.08 0.07 
Gravel South | 0.33 | 0.19 | 0.15 | 0.14 0.16 OAS nd End 0.08 0.08 
pit K South | 1.07 | 0.72 | 0.62 | 0.84 0.68 0:67 Bud End 0.40 0.15 
North | 1.20 | 1.00 | 0.70 | 0.78 0.85 OG) || Meh jie ol 0.57 0.17 
Ca | South | 0.58 | 0.66 | 0.69 | 0.78 1.06 1.184 |) gay Ck || a2 Gh, 1.25 1.57 
North | 0.74 | 0.76 | 0.78 | 0.74 0.96 WF An Gly |] a ok 1.20 1.50 | 


hand, leaves turning yellow have lost a large part of their nitrogen and phos- 
phorus during this period — little more than two weeks. Leaves collected 
on November 1, either from the ground or from branches, show still lower 
contents of nitrogen, phosphorus and potassium, but a higher per cent con- 
tent of calcium. 

The birches from the gravel pit have behaved differently from the meadow 
birches in some details: 1) There are larger differences between north- 
exposed and south-exposed branches, which in this case belonged to different 
individuals. 2) There seems to be more variation in composition between 
different branches from the same tree than in the meadow. Such an irregular 
variation between branches may be characteristic for the site; it has been 
observed also on another birch growing close to the other two, where different 
branches from the same elevation have been sampled on some occasions. 
3) Leaf potassium shows a peculiar curve with high initial values, then a 
minimum in July and again a maximum in August. The present data can 
not establish the detailed course of this curve, but it seems very similar to 
that found for beech by Olsen (4). 4) The yellowing of the leaves is earlier 
on this dry site and the leaves are shed earlier. Yellow leaves occurred already 
on August 30, though very scattered, and were more common on Septem- 
ber 15. On October 2 only a small part of the leaves remained green. Only 
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Fig. 1. Trends in the nitrogen, phos- 
phorus, potassium and calcium content 
of green birch leaves from May 29 to 
October 2, and content of birch leaf 
litter from November 1 (Changes 2.X.— 
1.XI. marked with broken lines). Sample 
trees growing in park meadow. Con- 
tents as per cent dry weight. 


nitrogen was determined on the small fractions of yellow leaves from 15.IX. 
and green leaves from 2.X. Also in this case leaf nitrogen was found to stay 
on approximately the same level as earlier in summer as long as the leaves 
remained green. — On November 1 practically all leaves were shed; the 
samples had to be collected from the ground and are thus not strictly com- 
parable to those taken earlier. 


Discussion 


The resu'ts presented above are on the whole consistent with most earlier 
results on deciduous trees (Mitchell 3, Olsen 4, and references given by these 
authors). The relative constancy of leaf nitrogen and phosphorus from July 


SEASONAL VARIATION IN COMPOSITION OF BIRCH LEAVES 467 


to September or even early October indicates that in middle Sweden samples 
taken at different times during this period can be compared. This is im- 
portant not only because it allows a convenient space of time for collection, 
but also because trees growing at different sites may be in a different develop- 
mental stage at a given time. 

Where potassium and calcium are concerned, conditions are less favour- 
able. The increase in calcium with leaf age is well-known. If we want to 
compare calcium contents of leaves to obtain information on soil calcium 
supply, the samples must be collected at very nearly the same time, or rather 
at a similar developmental stage. This is of course also desirable in the case 
of potassium. Potassium figures from leaves collected towards the end of 
the growing season are probably more valuable from the viewpoint of foliar 
analysis, since both the present results and Olsen’s data indicate that the 
changes in leaf potassium in early summer may be rather complicated. 

The changes in nutrient content of yellowing leaves appear to be remark- 
ably rapid. During a period of little more than two weeks leaves turning 
yellow have lost one third to one half of their nitrogen and phosphorus. The 
loss of potassium is more gradual, and leaf calcium increases. This increase 
may to a large extent be only apparent, and caused by a decrease in dry 
matter in yellowing leaves. It must be emphasized that quantitative informa- 
tion about nutrient migration can not be obtained from per cent dry weight 
determinations only (cf. 3, 4). 

It is generally believed that most of the nutrients lost by yellowing leaves 
migrate back to the persisting parts of the tree. This is probably true, though 
we still need more information about losses of nutrients to rain washing 
through the leaves. Rainwater collected beneath trees contains appreciable 
amounts of nutrients (8). The difference in composition of yellow leaves on 
October 2 and November 1 may be partly due to this rainwater leaching. 

The rapidity of the autumnal migration of nutrients makes it possible in 
foliar analysis to use birch leaves collected rather late in the season, provided 
that they do not show any signs of yellowing. We thus have no objections 
to Mitchell’s (3) recommendation of a time two or three weeks before yel- 
lowing as most suitable for sampling. This date, however, is not critical, 
especially not in cases where we are mainly interested in nitrogen and phos- 
phorus. 

As the results obtained in this investigation are in general agreement with 
those from investigations on other deciduous trees, they probably have a 
wide applicability. It is, however, possible that trees growing under extreme 
conditions behave differently. One example is a birch shrub sampled in 
August and October, 1948. The site was a clear felling on a glacifluvial esker; 
very dry but with a good nutrient supply, judging from the high nutrient 
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contents in the leaves. In this case leaf phosphorus was slightly higher in 
yellow October leaves than in green August leaves. On the other hand, birches 
growing in the moist and nutrient-rich lowest part of the gravel pit have 
behaved quite normally, except that their yellowing occurred about three 
weeks later than on other sites. 

It is not very probable that the leaf contents of nitrogen and phosphorus 
will be less constant during the season in a site deficient in one of these 
elements, but the seasonal trends of potassium or calcium may well change 
on sites very poor in these elements. If a site could be found where calcium 
or potassium is the most deficient element, a new investigation of the seasonal 
variation in leaf composition would be of great interest. 

The influence of humidity and temperature on leaf nutrient levels is not 
yet sufficiently known. Until we have more information about this variation, 
comparisons between leaf samples collected on very different occasions or 
from widely separated areas can only be made with great caution. 


Further investigations are needed also on the seasonal trends of other 
elements required by the trees. Olsen (4) has found that in beech leaves 
the magnesium trend is similar to that of nitrogen or phosphorus, while iron 
and manganese behave in the same way as calcium. A complete analysis of 
seasonal variation in micro-nutrients involves a great deal of work; for the 
practical purpose of using foliar analysis as an index of nutrient supply we 
have to concentrate on elements proved by fertilization experiments to be 
deficient in certain types of sites, or otherwise of special interest. 


Summary 


An investigation has been made of the seasonal variation in contents of 
nitrogen, phosphorus, potassium and calcium in birch leaves. Leaf nitrogen 
and phosphorus — expressed as per cent dry weight — have been fairly 
constant from July to the end of September, after which they decrease 
rapidly when the leaves turn yellow. Leaf potassium decreases during the 
same period, whereas calcium increases. Any time during this period may 
be used for collecting leaf samples for foliar analysis, but the samples must 


not be taken at very different dates if potassium or calcium contents shall 
be compared. 


The authcr is much indebted to Dr. Eville Gorham, University College, London, 
for valuable suggestions and linguistic corrections. The careful analytical work by 
Miss Britta Alverin and Miss Maud Handin is gratefully acknowledged. 
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The Relative Growth Action of Different 
Isobutyric Acid Derivatives 
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It has been shown that «-(parachlorophenoxy)isobutyric acid (PCIB) 
exerts a positive action on root elongation (4), which was explained as an 
antagonism against naturally occurring auxin in the roots. Considering the 
current discussion of the relation between structure and physiologic activity 
of the auxin homologues (6, 7, 13, 15), it is of interest to ascertain whether 
the anti-auxin action of the studied acid depends specifically upon the 
isobutyric configuration or not. In this case the next question is to investigate 
the relative activity of different isobutyric acid derivatives. The first question 
can probably be answered in the affirmative as far as the experiments go up 
till now. The present paper contains an account of the reasons for this con- 
clusion, together with a quantitative comparison between some substituted 
a-phenoxyisobutyric acids. 


The methods employed have been fully described in previous communications 
of this series (3, 4, 5). Each single growth test comprised about 55 plants, each 
with three roots, The experimental period was usually three days and the tests 
were carried out at 20° C. The solutions were always renewed daily. All acids have 
been prepared at the Department of Organic Chemistry of the Royal Institute of 
Technology, Stockholm, and placed at our disposal by Prof. H. Erdtman. Miss 
I. Rosén hac taken care of the plant cultures, and Miss E. Welin-Berger has assisted 
in making the pK determinations. For informations of methods of these determina- 
tions I owe my gratitude to Dr. B. Adell, Dept. of Chemistry. 
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The action of 2-3-indoleisobutyric acid 


Special interest can be attached to the isobutyric homologue of the natural 
auxin, because it differs from the latter only in the substitution of -CH,- for 
-C(CH3),-. It was mentioned, in connexion with a study of the dry matter 
formation in relation to root elongation, that «-3-indoleisobutyric acid (IIBA) 
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exerts a positive action on root elongation not below that of PCIB. This has 
been confirmed in repeated experiments, and a detailed analysis has shown 
that it follows the same general pattern. 


Figure 1 shows the bulk length of the roots after three days, with a maxi- 
mal elongation at 10° M more than twice the normal figure. No change 
in the dry weight of the roots is discernible until the supra-optimal con- 
centration of 10—* M causes a rapid onset of a growth inhibition. This seems 
to be a rather unspecific toxic effect. The time course of the cell multiplica- 
tion shown in figure 2 reveals the common picture of a slight and insigni- 
ficant decrease under the influence of the acid in optimal concentration. 
The figures for 10-° M do not differ from those of the control by more than 
18 per cent. The total increase in root elongation depends upon the cell 
stretching as clearly demonstrated in figure 3. In every respect the results 
tally with those obtained previously with PCIB. 


One point deserves to be emphasized. It has never been possible by any 
treatment of wheat roots under the standard climatic and nutrient conditions 
to increase the cell length noticeably above the 400 u. limit. This is strikingly 
illustrated in figure 3, in which the expected peak in the curve for 10-° M 
is lacking, apparently because the curve has already attained the 400 uw limit. 
This is hardly surprising, since it was shown (5) that the growth accelera- 
tion takes nlace without any increase in dry matter and thus must have an 
upper limit only for that reason. The same limit applies to the indole deriva- 
tive and PCIB. 
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Comparison between a-phenoxyisobutyric acids with one, two, 
and five chlorine and unchlorinated 


The following series of chlorinated g-phenoxyoisobutyric acids supplied 
by Prof. Erdtman’s laboratory have been tested: 


a-(phenoxy) isobutyric acid, 
a-(2-chlorophenoxy)isobutyric acid, 
a-(3-chlorophenoxy)isobutyric acid, 
a-(4-chlorophenoxy)isobutyric acid (PCIB), 
a-(2,4-dichlorophenoxy) isobutyric acid, 
a-(2,4,5-trichlorophenoxy) isobutyric acid, 
a-(2,4,6-trichlorophenoxy) isobutyric acid, and 
a-(2,3,4,5,6-pentachlorophenoxy)isobutyric acid. 


The preparation and chemical properties of these compounds will be described 
in a paper by Erdtman. The dissociation constant, which is of importance for an 
evaluation of the physiologic activity, was known only for the first acid. Determina- 
tions were made on all acids, including %-phenoxyacetic acid, by titration of the con- 
centration of the saturated solution with 0.1 M KOH and pH determination. Spectro- 
metrical determinations could not be used owing to the low ultraviolet absorption 
of the compounds. The determinations, carried out at 20° C, do not pretend to be 
of the high accuracy of physico-chemical investigations but are sufficiently correct 
for physiological purposes. The following values were obtained: 


Chlorination pK,,° found pK,,° known 

(a-phenoxyacetic acid ............. 3.1 3.13) 

Ve Cena AR bites REN ie à 3.39 3:44 3.36 

Poe 5 Wisse Beata OD A re cr Olean ER 3.52 

MA RS CSS RE OU 3.51 3.45 

DE «eee GON EO RIE CROTCH CE RE TENET 3.92 3.84 

DAN DEE it Sty Sere eer CREE 3.98 3.88 

DR OS ee sare aise son Bi eon Sie Re 3.93 4.04 

DES SAN DOSE RS PERRIER e nie as 6.09 6.02 6.10! 


The first one, the para-, the di-, and the pentachloro acids were compared 
in a large number of experiments, some of which are summarized in figure 4. 

The activity curves of these acids are always of the same shape, which 
requires some comment. The remarkably sharp peak obtained in a loga- 
rithmic diagram is partly misleading. The strongly concave shape of the 
rising, left arm of each curve actually implies that there is almost propor- 
tionality between concentration, in a linear scale, and activity. The decreasing 
right arm, on the other hand, is undoubtedly sharply set off from the 
increasing part, but the logarithmic scale exaggerates the rate of inhibition 
at supra-optimal concentrations. 


1 Solubility about 8.10— M. 
31 
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Fig. 4. The growth action of chlorine substituted a(phenoxy)isobutyric acids. Growth of 
roots in mm. after 3 days; pH between 4.8 at the start and 6.0 finally. Mean error + 1.5 mm. 
Concentrations of the acids in M. Symbols: 


o o a(phenoxy)isobutyric acid 


o— — —o «(4-chlorophenoxy)isobutyric acid 
o— -—-o «(2,4,-dichlorophenoxy)isobutyric acid 
0 o &(2,3,4,5,6-pentachlorophenoxy)isobutyric acid. 


The conclusions that obviously can be drawn from the experiments are 
1) that chlorination increases the growth activity tenfold, but that the 
number of chlorine atoms is of little if any importance, and 2) that the 
toxicity at higher concentrations increases from the unchlorinated acid to 
that with five chlorine atoms. 


Activity and pH 


For an exact comparison the dissociation of the acids must be taken into 
account. There seems to be some disagreement concerning the role of the 
dissociation of growth active acids, however. Thimann (13) like other in- 
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vestigators claims that the activity depends upon the concentration of 
undissociated acid and increases with decreasing pH, but for routine auxin 
tests a pH of 6.0 is recommended with a dissociation of 96 per cent. This 
opinion is mainly based on results of van Santen (10), which have been 
criticized by Lundegardh (8). van Santen arbitrarily constructed a sigmoid 
dissociation curve with a point of flexion at pH 5.0 supposed to be the pK 
of the doubtful »auxin» of Kögl, instead of at pH 4.6, which should follow 
from the pK of 3-indoleacetic acid, if the pH-curve has anything to do with 
the natural auxin at all. Lundegardh interpreted her results as an optimum 
curve with a peak at about pH 4.2. This is undoubtedly right but does not 
exclude the possibility that the right arm of this curve is one half of a 
dissociation curve, and the arm decreasing from pH 4.2 to 3.4 a quite in- 
dependent toxic action of high concentrations of undissociated auxin or 
hydrogen ions or both. A comparison should be made with the toxicity of 
high concentrations of the isobutyric acids. The actual pH-growth-curve for 
wheat roots has been determined by Lundegardh in three-hour tests and 
showed a maximum between pH 4.8 and 6.6, perhaps with a peak at 6.0. 
A remarkable fact, which seems to have passed unnoticed, is that within the 
pH range 4 to 6, which covers the dissociation of auxin, the growth curves 
should run inversely for coleoptiles and roots! Algéus (2) has shown that 
for green algae the normal growth increases towards higher pH, but that the 
highest auxin action is encountered at low pH values. 

With the unchlorinated acid, the parachloro-, and the pentachloro-deriva- 
tives a series of tests were carried out at varying concentrations and fairly 
constant pH values. In the experiments recorded in figure 4 the initial pH 
amounted to 4.8 and it increased to about 6 during the tests, owing to the 
presence of only primary phosphate in the low concentration of 1/500 M. 
In the later series of experiments the solutions were buffered with phos- 
phate mixtures of a total concentration of 1/100 M, and the fluctuations of 
the pH normally did not exceed 0.3 units. These three acids were chosen 
because they seemed to represent three main types, viz.: the unchlorinated 
acid, with low activity and low pK; PCIB, with maximal activity and about 
the same pK; and the pentachloro-acid, with high toxicity and low dissocia- 
tion constant. 

The results with q-(phenoxy)isobutyric acid are shown in figures 5 and 6. 
The root lengths were plotted against the concentration of undissociated acid 
(figure 5) and acid anion (figure 6). The first graph does not show any 
simple relation between concentration and activity at all, at least as far as 
the positive action is concerned. On the contrary, the peaks of the curves fall 
widely apart, at pH 7 around 10° M but at pH 4 above 10-® M. With due 
regard to the fact that the graphs are cut off by the toxic action at higher 
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concentrations, the latter figure should probably be located at a still higher 
concentration. It is obvious that the positive effect does not follow the con- 
centration of undissociated acid. On the other hand, the decreasing, right 
arms of the curves fall fairly near each other. If, however, the same growth 
values are plotted against the anion concentrations as in figure 6 just the 
opposite picture is obtained. 

In the absence of the acids the root elongation increases with increasing 
pH, from pH 4 to pH 7 about 80 per cent. In the presence of the acid the 
growth curves at different pH values coincide fairly well. Two phenomena 
seem to be involved in this picture. Firstly, that the maximal effect is obtained 
at one concentration of anions, about 2 : 10-* M regardless of the pH. This is 
what is to be expected if the activity follows the anion concentration. Only 
the graph for pH 4 must be excluded, because the toxic effect is so strong 
at this pH that the graph is cut off at a low concentration. Secondly, the 
curves for the different pH values approach each other or even coincide, 
which means that the pH sensitivity of the root elongation decreases or 
wholly disappears. This is also illustrated by some figures in table 1, only 
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chosen as a more explicit example of the circumstance that the effect of the 
acid predominates over that of the H-ions. 

Better than words a mere comparison between figures 5 and 6 justifies the 
conclusion that the positive action of the acid follows the concentration of 
acid anions and the toxic effect probably that of the undissociated acid. It 
must be emphasized that this holds true as regards root elongation, which 
does not correspond to the increase in weight (5). 


Table 1. The disappearance of the pH effect on the root elongation in the presence of 

a-(phenoxy)isobutyric acid. The acid added in the concentration 10-3 M. Figures from 

different series of experiment given separately. Average figures for the control roots from 
seven experiments. Root elongation in mm. per 3 days. : 


pH 
Treatment urn 
4 5 | 6 | 7 
COMLEO lis suo ces 20.2 + 0.7 22.8 + 0.9 29.5 + 2.2 | 36.7 + 1.7 
OU NSP TENTE 39.7 42.7 41.5 45.5 
43.4 48.4 39.8 
44.4 


478 HANS BURSTROM 


[=] 
oO 


Growth mm 
on 
© 


40 


20 


Fig. 7. The action of a-(4-chloro- 
phenozxyj)isobutyric acid on the 
root growth at different pH 
values. The same plan of experi- 
ment as in figures 5 and 6. 


10 


) 7 -6 -5 -4 
log[4J M 


The other two acids behave in just the same manner, which is shown in 
figures 7 and 8. Only the graphs of growth relative to the anion concentra- 
tion have been plotted. Those showing the relation to the concentration of 
undissociated acid of course resemble figure 5. 

One objection can be raised against the formulated conclusion. The dis- 
sociation of the acids is fairly high, and for the unchlorinated and the para- 
chloro acid there is practically no difference between the amount of dis- 
sociated acid and the total amount of the acid. The correlation between action 
and dissociation may thus only imply one between action and total amount 
of acid, perhaps owing to a rapid absorption of the acid and incorporation 
of the whole available amount. The rate of consumption has not been deter- 
mined, but this possibility nevertheless seems unlikely for two reasons. 
Firstly, in such a case also the toxicity, and perhaps primarily the toxicity, 
would depend upon the total amount of acid, which certainly does not hold 
true. Secondly, for the pentachloro-compound the difference between total 
and dissociated amounts is appreciable at low pH. In this instance the curve 
for pH 4 plotted against total amount falls entirely outside the others, 
whereas in figure 8 it follows them at the start, although the high toxicity 


ee 
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soon cuts off a further growth promotion, just as is the case, although less 
pronounced with the other acids. 

That is why it seems justified at present to conclude that the positive 
growth action does not follow the concentration of undissociated acid but 
most likely that of the acid anions of the solutions. However, determinations 
of the rate of absorption are absolutely necessary for a definite conclusion. 


Comparison between ortho-, meta- and para-chlorinated acids 


The «-(2-chlorophenoxy)-, the «-(3-chlorophenoxy)-, and the «-(4-chloro- 
phenoxy)isobutyric acids were especially compared in three experiments, 
one of which is summarized in table 2. The para-chlorinated acid shows the 
usual effect, but the other two are decidedly less active. Both the positive 
and the negative effects are weaker, and the ortho-chlorine acid is, as a 
matter of fact, very similar to the unchlorinated acid. Since the dissociation 
constants are equal, this means that. only substitution in the para-position 
decidedly increases the growth activities of the acids. 


480 HANS BURSTROM 


Table 2. Comparison between mono-chlorine substituted a-(phenoxy)isobutyric acids. — 
Increase in root length mm per 3 days. pH 4.0—4.5. Mean error + 0.9 mm. } 


Concentration Position of the chlorine 
of the acid 
© M ortho meta para 
0 21.6 21.6 21.6 
10—7 ies 25.4 30.6 
10-6 35.5 34.7 43.9 
3.106 35.1 35.2 43.5 
10-5 24.8 29.4 0.6 


Comparison between the two tri-chlorine derivatives 


Neither of these were included in the main series but compared with each 
other in some special series at different pH-values. The general properties 
are the same as those of the other chlorinated acids, so that only figures at 
pH 4 need to be given to show the essential facts (figure 9). 

The noticeable fact is that the toxicity is rather different for the two acids. 
The positive actions are the same as those of the other acids, rising with 
increasing concentration until the curves are cut off by the toxicity. The 
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Fig. 9. The influence of «-(2,4,5-trichlorophenoxy)isobutyric and a-(2,4,6-trichloro phenozy )- 
isobutyric acid on the root growth. pH around 4.2. Arrangement of the experiments as 
described under figure 4. Solid curves denote the two trichloro-acids, the broken curves 
æ(4-chlorophenoxy)- and «(pentachlorophenoxy)isobutyric acid. 
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2,4,5-derivative is decidedly more toxic than the 2,4,6-chlorinated acid. The 
dissociation constants are fairly equal, so that the abscissa of figure 9 may 
as well represent the anion concentration. The curves of the para- and penta- 
chlorinated acids have also been plotted in the figure, and this bears out the 
interesting conclusion, that the 4- and 2,4,6-chlorinated acids have nearly the 
same effect, and the 2,4,5- and 2,3,4,5,6-chlorinated are also equal but more 
growth-inhibiting. Just as with the mono-chlorine acids substitution in the 2 
or 6 positions does not change the activity. 

It is known from the herbicide research (Swanson, 12) that the 2,4,5- 
trichlorophenoxyacetic acid is more active than 2,4-D. The same holds true 
of the isobutyric derivatives. From the tests of Thompson, Swanson and 
Norman (14) the information can further be obtained that the 3,4-derivative 
is about as active as 2,4-D, but the 2,5-derivative less active in two tests. 
Markedly less efficient is the 2,4,6-derivative, which tallies with the observa- 
tions on the isobutyric acids, but a detailed comparison is impossible owing 
to the sketchy nature of the quoted data. No agreement can be found with 
the model experiments of Veldstra and Booij (15). 


Discussion 


Compounds antagonizing auxin or by virtue of their growth effects sup- 
posed to do so have been described several times previously; Aberg (1) has 
summarized the available data of the literature and added two new com- 
pounds, one of which, &-(1-naphthylmethylsulfide) propionic acid, is a very 
active antagonist of naphthylacetic acid on roots. Given alone its promoting 
action is slight, however, with an increase in elongation not exceeding 20 
per cent. Assuming that there is a question of a real antagonism in both 
instances, it may be concluded that this is complete as regards externally 
added auxin, but very slight against the one naturally present. An antagonism 
in the absorption of auxin can be explained by some kind of blocking without 
pronounced specificity of the action, and this must be considered in inter- 
pretations of similar antagonistic action of compounds of varying structure. 
On the other hand, an inhibition of the auxin activity in the functioning 
growth system may require a higher degree of specificity. 

It is obvious from the presented data that an anti-auxin action is encoun- 
tered with various isobutyric acids, and appears to be of the same nature in 
the indole and phenoxy derivatives. It has further been found with both 
the unsubstituted and seven differently substituted «-(phenoxy)isobutyric 
acids. Thus it seems justified to conclude that the activity specifically depends 
upon the isobutyric structure of the side-chain. This does not imply that it 
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should be found with all isobutyric derivatives, because the properties of the 
ring system, of course, also must fulfil certain requirements. The action of 
these acids is further unparallelled in that it may result in more than a 
doubling of the normal root elongation. Thus they are, contrary to the other 
antagonists, real inhibitors of the naturally occurring auxin, not only of 
such supplied externally. 

Why the branching of the side-chain should cause a complete reversal of 
the activity on roots is at present inexplicable; neither the theory of Veldstra 
(15) nor that of Erdtman (6) seems to suffice. They could at the best explain 
an inactivity but not a reversed activity. Of course compounds similar to 
auxin may inactivate it and cause a reversed growth reaction in the manner 
proposed by Skoog, Schneider and Malan (11), but this seems hardly prob- 
able in the present instance, because it could perhaps explain an antagonistic 
action of compounds lacking the exact structure of auxin on some point, 
but not one of compounds possessing some other specific structure. 

The very similar «-propionic acid derivatives have been tested by Osborne 
and Wain (9) on shoots, and they were found to behave like auxin, whereas 
the isobutyric acids were inactive. This does not mean much because roots 
and shoots react fundamentally differently, but a number of tests with 
a-phenoxypropionic acids have revealed that they also on roots exhibit the 
actions typical of auxin: an inhibition but no measurable net acceleration of 
the elongation. These experiments will be recorded in a forthcoming com- 
munication. This supports the conclusion that just the isobutyric configura- 
tion causes the anti-auxin action on roots. 

As regards the structure of the ring system it appears that the introduc- 
tion of one chlorine in the para position increases the positive activity, but 
that a further increased chlorination has little or no influence and that sub- 
stitution in the ortho position has no effect. The toxic action, on the contrary, 
varies with the number of chlorine atoms. Roughly the 4-, the 2,4-, and the 
2,4,6- chlorine derivatives show nearly the same toxicity, and a much lower 
one than the 2,4.5- and 2,3,4,5,6-derivatives. The lowest toxicity is exerted 
by the ortho- and meta mono-derivatives. Hansch and Muir (7) have dis- 
cussed a specific effect of the ortho position, in so much as a free ortho 
position should be a prerequisite for a positive growth activity. From the 
present results it can be concluded that the anti-auxin action is fairly in- 
dependent of the substitution of the ring system, except in the para position 
and for the root growth-inhibition a substitution in the ortho or meta posi- 
tion has little significance. On the contrary, the toxicity increases by a sub- 
stitution in the 3 or 5 position, or apparently if two chlorine are introduced 
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in ortho position to each other. The quoted position theory has apparently 
very little substantiation in the isobutyric acids. It is instead necessary to 
make the discouraging reflection that every group of substances investigated 
calls forth a new hypothesis of the relation between growth activity and 
structure. The logical conclusion is that just the vital property has escaped 
notice and that probably several growth reactions are confused. 

In most instances the pH effect in connexion with the growth substances 
has been neglected or insufficiently considered. There is even a disagreement 
concerning the normal growth-pH curve of wheat roots. Lundegärdh (8) has 
found an optimum curve with a peak at pH 6, whereas the present results 
show an accelerating increase from pH 4 to pH 7. However, Lundegardh 
made his tests within three hours after transferring roots to solutions of 
varying pH, whereas our experiments were extended over three days. Which 
is correct depends upon the problem in question. Lundegardh studied the 
surface potentials, their changes and relation to growth, whereas our experi- 
ments have aimed at a study of the cell elongation under established external 
conditions. The regular time course of the cell elongation shows that it is 
permissible to work with long-time experiments and avoid the sudden changes 
involved in the adaptation of the roots to a new environment. 

The results obtained on the relation between the isobutyric acids and pH 
are, nevertheless, in conformity with Lundegardh’s opinion that auxin acts 
on the elongation in the dissociated form. That the a-isobutyric acids do so is 
probable, and it would be a rather confusing situation if auxin acted as a 
molecule, its antagonist in ionic form! This should not be the case as regards 
roots. However, Lundegärdh has deduced the pH-activity curve for auxin 
from the normal growth-pH curve, just as all other workers have done, and 
overlooked the fact that even if the latter depends upon the auxin activity, 
it is necessary to consider both the positive and the negative auxin actions, 
especially as the latter dominates in the root. From the normal growth-pH 
curve it is thus just as easy to conclude that the auxin action, which is 
inhibitory, runs inversely to the dissociation curve. Which is right cannot 
be decided. The present results, indicating that positive and negative actions 
of isobutyric acids follow the dissociated and undissociated forms respectively 
are, however, in agreement with both interpretations. It is tempting to suggest 
a similar condition with regard to auxin. This would afford a simple basis 
for the observation that positive and negative auxin actions in roots can 
manifest themselves simultaneously (Burström, 3), which has been empha- 
sized repeatedly, and which shows that it is not a question of one reaction 
inhibited by a supra-optimal concentration of one regulator. 
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Summary 


Anti-auxin action on root elongation has been found with «-(3-indole) iso- 
butyric acid, a- (phenoxy) isobutyric acid, 4-(2-chlorophenoxy)isobutyric acid, 
a-(3-chlorophenoxy)isobutyrie acid, «-(4-chlorophenoxy) isobutyric acid, 
a-(2,4-dichlorophenoxy)isobutyrie acid, a-(2,4,5-trichlorophenoxy) isobutyric 
acid, a-(2,4,6-trichlorophenoxy) isobutyric acid, and a- (2,3,4,5,6-pentachloro- 
phenoxy)isobutyric acid. It is concluded that the action follows the isobutyric 
configuration of the side-chain. 

The acids exert two actions on the roots, one at low concentrations pro- 
moting the elongation — the anti-auxin action —, and another growth- 
inhibiting effect dominating at high concentrations. The former follows 
roughly the concentration of dissociated acid, the latter that of undissociated 
acid, This is discussed in connexion with the mechanism of the auxin action. 

Normally the root elongation increases with increasing pH from 4 to 7; 
additions of isobutyric acid weakens the sensitivity to the hydrogen ion con- 
centration or causes it to disappear. 

The unchlorinated acid is least active. The positive growth action increases 
with the substitution of chlorine in para position, but is independent of addi- 
tions of four further chlorine or a mono-substitution in the ortho or meta 
positions. The toxicity is lowest with the unchlorinated acid and the ortho 
and meta mono-chlorine acids, higher and equal with the 4-, 2,4-, and 2,4,6- 
chlorine derivatives, and highest with the 2,4,5- and 2,3,4,5,6- acids. The 
latter two acids have the same effect. Substitution in the meta position 
increases the activity of the para-chlorinated acids, but ortho substitution 
is throughout indifferent. 
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Introduction 


After the investigations of McAlister and Myers (3) in 1940 very few experi- 
ments have been made where fluorescence and photosynthesis were observed 
simultaneously. These authors showed that the time course of fluorescence 
resembles very much the inverse time course of photosynthesis, so that often 
changes in fluorescence may indicate changes in photosynthesis. 

Of course this is not always true as McAlister and Myers already pointed 
out; they found that the influence of O, pressure made fluorescence and 
photosynthesis follow parailel lines. 

Wassink and Katz (6) studied the initial changes of fluorescence very 
elaborately but used mostly cyanide poisened Chlorella’s where CO, assimila- 
tion was nil. Because flourescence showed very complicate initial changes 
it was clear that not all changes in fluorescence could be connected with 
photosynthesis. 

Wassink, Katz and Dorrestein (7) showed in experiments with thiorhoda- 
ceae that fluorescence increased strongly when the H-donor system was 
limiting photosynthesis, but that when the H-accepting complex (CO,) was 
limiting, fluorescence increased only slightly or not at all. They concluded 
that the H-donor system is closely connected with the energy acceptor, while 
the CO, reducing system shows only a secundary connection. 

Katz (2) recently developed a theoretical scheme in which most of the 
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facts fit very well. This scheme pictures how light gives rise to a reducing 
agent (electron) and an oxidising agent (hole) both of which are mobile and 
will move in their own way, performing reduction and oxidation at different 
places. 


Methods 


An apparatus was constructed in which at the same time CO, assimilation 
and fluorescence could be studied. The CO, determination were made in the 
same way as described in our previous papers (5, 6) and which first was 
introduced in plantphysiology by Aufdengarten. With this apparatus readings 
could be made every 5 seconds so that quick changes in photosynthesis could 
be detected. 

The material used was usually a leaf fragment of 1X3 cm, which was 
placed in a double walled glas container. Through the middle part a gas 
(usually air with 3 ®/o CO,) streamed slowly passing the leaf fragment towards 
the measuring bloc. Through the outer part a stream of water was conducted 
to regulate the temperature. 

This container was placed in a dark box; through a hole in one side the 
leaf fragment could be illuminated by light from a mercury vapor lamp 
filtered through saturated CuSO,, so no red light could reach the leaf. The red 
fluorescent light, emitted by the chlorophyll, was collected by a concave 
mirror on a sensitive photocell and registered by a quick galvanometer. 

When small algae had to be examined, these had to be spread out over a 
piece of wet filterpaper of 13 cm, which than was treated in the same way 
as if it were a leaf fragment. 


Influence of the preceding dark period upon different plants 


The first object studied was a fragment of a leaf of Holcus lanatus. In 
this plant the induction line of photosynthesis was already studied previously 
(4, 5); it would be interesting to see whether the fluorescence line of this 
grass is of about the same shape as that of the photosynthesis. 

Fig. 1 shows a picture of the fluorescence in strong light after different 
periods of darkness at 20° C. The shape of the lines and the influence of 
different dark periods are indeed fundamentally the same as the induction 
line of photosynthesis. Within 2 or 3 seconds fluorescence rises to a peak 
which is the higher, the longer the dark period has lasted; the maximum 
is reached after a dark period of + 15 minutes. Immediately after this peak 
follows a sharp decline until a minimum is reached + 9 seconds after the 
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Fig. 1. Photosynthesis and fluor- 
escence of a tomato leaf illumi- 
nated with light from high pres- 
sure mercury lamp filtered 
through saturated CuSO, solution 
after dark periods of different 
duration. 
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beginning of the illumination. Than another peak follows with the top at 
+ 16 seconds; than comes a more gradual decline which goes on until a 
constant rate of fluorescence is reached. At this point in strong light usually 
some secundary peaks occur. 

When analysing this fluorescence line we come to the conclusion that it 
consists of different parts: 


1) a quick rise (a few seconds), 

2) a sharp decline and subsequent rise from +4 seconds until £16 seconds 
after the beginning of the illumination, called the »first minimum», 

3) an adantation slope, 

4) secundary peaks, 

5) constant rate fluorescence. 


FLUORESCENCE AND INDUCTION PHENOMENA IN PHOTOSYNTHESIS 489 


Photosynthesis 
CO, content of gas 


fluorescence 


0 1 2 3 4 5 6 min. 
Hibiscus Rosa sinensis 


Fig. 2. Photosynthesis and fluorescence of a Hibiscus leaf illuminated after dark periods 

of different duration. The fluorescence line comes down earlier than the line of photo- 

synthesis, but it goes upward again and reaches constant rate at about the same time as 
photosynthesis. 


The whole shape of this curve is very much like the shape of the photo- 
synthesis curve except that the first minimum occurs much. earlier than in 
photosynthesis. The initial CO,-uptake is usually found after about 20 seconds. 
Still we think it quite possible that both are indications of the same process. 
The minimum of fluorescence shows reactions occurring inside the chloro- 
plasts; the CO,-exchange can only be shown in the surrounding atmosphere. 
It is obvious that some time is necessary before CC, uptake in the chloro- 
plast can result in a decrease of CO, content of the passing air stream. 

The next part of the fluorescence line shows a rather constant slope down 
to the level of fluorescence at constant rate. This slope resembles very much 
the L(ight)-A(daptation)-S(lope) of photosynthesis. We found that this 
fluorescence-slope reacts to external changes (temperature, dark period) in 
the same way as the L.A.S. does. 

When, however, one compares more precisely this part of the fluorescence 
line with the L.A.S. of photosynthesis, taken simultaneously, (fig. 2) it is 
clear that fluorescence often reaches its lowest point much earlier than 
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photosynthesis and begins to rise again before photosynthesis has reached 
its constant rate level. 

In strong light the fluorescence line shows secondary peaks just as the 
adaptation line of photosynthesis does. These secondary peaks occur at about 
the same time in both lines. 

The influence of different dark periods before the illumination is clear 
from fig. 1. After very short dark periods the leaf is still strongly adapted to 
the light; so fluorescence begins near the constant rate level. After dark 
periods lasting longer than 4 minutes there seems to be a lack of energy 
acceptor, so fluorescence begins higher, up to a dark period of 16 minutes. 
Than the maximal fluorescence is reached; longer dark periods do not cause 
still higher fluorescence. 


Fluorescence at different temperatures 


Although at low temperatures photosynthesis in strong light is much less 
than at high temperature, fluorescence does not show such a marked dif- 
ference. Only the initial phases of fluorescence are strongly influenced by 
temperature. 

Fig. 3 shows the behaviour of fluorescence in a Dahlia leaf when it is 


fluorescence 


0 1 2 3 4 is 6 7min. 
Fluorescence of Dahlia leaf at different Temperatures 


Fig. 3. Fluorescence of a Dahlia leaf at different temperatures after 10 minutes 
of darkness, 
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illuminated with medium light intensity after 5 minutes of darkness at dif- 
ferent temperatures. The following striking points may be mentioned. 

At low temperature the first quick rise and the subsequent adaptation slope 
occur much slower than at high temperatures. 

The »first minimum» however, always appears at approximately the same 
time after the beginning of illumination. Therefore at low temperature this 
minimum is superimposed on the rising part of the line, when fluorescence 
is still increasing; at higher temperature, however, one will find this mini- 
mum on the adaptation slope. For this reason the fluorescence lines will 
show a much different shape, although they are built up out of principally 
the same parts. 

Although constant rate fluorescence will be the same at different tempera- 
tures there is a tendency that the highest peak of fluorescence is higher at 
lower temperature. Especially Holcus lanatus shows this very clearly. 


Fluorescence at different light intensities 


At low light intensities, the fluorescence directly after the beginning of 
the illumination is not much different from fluorescence at steady state. At 
high intensities, however, the initial fluorescence will be much higher. 

Fig. 4a and b show fluorescence and photosynthesis of a tomato-leaf 
irradiated with different light intensities after different dark-periods. The 
coincidence of light-adaptation slope in photosynthesis and of the gradual 
change of initial to steady state fluorescence is obvious. 

A striking feature of the fluorescence line in fig. 4 is that at high light 
intensities in the first seconds of illumination it is about twice as high as at 
constant rate. 


Influence of different gases on the fluorescence 


CO,. Although carbon dioxyde has only little influence on the fluorescence 
at constant rate, the initial picture of fluorescence after the beginning of an 
illumination is much changed when the CO, content of the air is increased. 

In CO,-free air the first peak is very high (after a dark period of 10 
minutes) and afterwards adaptation occurs very rapidly. Normal air (0.03 %o 
CO,) gives about the same picture; however, the first peak is a little bit 
lower (fig. 5). By increasing the CO, content the height of the first peak 
decreases until it disappears altogether at very high CO, concentrations but 
adaptation will take longer and longer. 
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Fig. 4a and b. Photosynthesis and fluorescence in a tomato leaf measured in two different 
light intensities (i and 1/3 i) and after dark periods of 2, 5, 10 and 30 minutes. 
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Fig. 5. Fluorescence line after 
10 minutes of darkness in air 
with different concentrations 
of CO. 


intensity of fluorescence 


O,. It is known that oxygen in high concentrations quenches fluorescence 
and decreases photosynthesis at the same time (3). Low concentrations of O, 
decrease the influence of the preceding dark period on the deadaptation of 
leaves in dark (4). A leaf kept in dark under low O, pressure during 30 
minutes will still be rather well adapted to illumination, while when the 
same leaf is kept in dark in normal air during the same time, it will take 
several minutes of illumination before it is again adapted to light. 

The same holds true for fluorescence. This is again an indication that the 
adaptation line for photosynthesis and for fluorescence are caused by the 
same phenomenon. 

In N, which is completely devoid of O, fluorescence remains normal as 
long as the illumination lasts. In a few minutes of darkness, however, some- 
thing has changed inside the leaf because if the light is turned on again 
fluorescence will be higher and will not recover, at least not within half an 
hour. The longer the darkness has lasted the higher fluorescence will remain, 
up to a certain level of course. If oxygen is allowed to enter into the gas 
fluorescence will soon return to its old level. 

In this respect too fluorescence behaves in accordance with photosynthesis. 


Summary and Conclusions 


Fluorescence of chlorophyll in leaves shows induction-phenomena during 
the first few minutes of illumination, which are very much like those of 
photosynthesis. 
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The influence of preceding dark period, of temperature, of light intensity 
and of CO, and O, pressure on the adaptation line was studied. Nearly 
always increase of photosynthesis during adaptation is correlated with a 
decrease of fluorescence. The only exceptions are that (a) when in the tem- 
perature dimited range of photosynthesis lower temperature causes less photo- 
synthesis, it does not result in any marked change in fluorescence and (b) that 
high O, pressure causes both a lower rate of photosynthesis and a lower 
fluorescence. 

Therefore the results of these experiments are mostly in agreement with 
the view of Katz (3); the fluorescence of chlorophyll can be often used as 
an energy flow meter for the energy of photosynthesis. Sometimes, however, 
photosynthesis and fluorescence do not show any correlation. In these cases 
probably the photoenergy is used for the splitting of H,O but afterwards 
backreactions cause a reduction of the photosynthesis. 
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Pure cultures of Scenedesmus obliquus grown with aspartic acid as the 
source of nitrogen showed a much higher rate of growth and of assimilation 
of nitrogen on the addition of pyridoxine hydrochloride (Algéus 2). The 
effect of this substance can be explained in two ways. Pyridoxine, in the form 
of pyridoxal phosphate, takes part both in the decarboxylation and in the 
transamination of amino acids. In the decarboxylation of aspartic acid 
G-alanine is formed, which has been shown to stimulate the growth of several 
micro-organisms (Mueller and Klotz 3, Nielsen and Hartelius 4) and which 
is a component of pantothenic acid (Williams et al. 5). Pyroxidine can there- 
fore be said to have only a secondary effect in the above-mentioned experi- 
ments, if it gives rise to ß-alanine and if growth is influenced by this sub- 
stance. The other possibility, that pyroxidine is the coenzyme of the trans- 
aminases and therefore increases the rate of nitrogen assimilation, seems, 
however, just as plausible. The two alternatives have been discussed in detail 
in a previous paper (Algéus 2). In order to obtain a definite answer to the 
question of the active mechanism of pyridoxine it was necessary to carry out 
some experiments on the effect of ß-alanine and pantothenic acid on green 
algae. The organism chosen for the experiments was Scenedesmus obliquus. 
The illumination and other experimental conditions were identical to those 
employed in previous studies with this organism. 

Experiment 1. ß-alanine as the source of nitrogen. The amino acid was 
added in a concentration of 1.25 g. per litre. The results of the experiment 
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Table 1. Growth and nitrogen assimilation in cultures with ß-alanine as a source of nitrogen. 


Time in days 3 6 9 | 12 15 18 
er 2 ER UE ER 

Growth; cells per mm? 80 110 100 130 110 120 

x : 90 110 110 140 160 140 
Assimilated N;mg per culture — 0.014 0.007 0.021 0.028 0.014 
— 0.028 0.035 0.021 0.042 0.014 

N-content per cell; mg - 10-10 = 18 20 31 55 12 

— 55 76 29 50 15 


Table 2. Growth and nitrogen assimilation in cultures with ß-alanine and pantothenic acid 
as growth factors (0.5 mg. per culture). Nitrogen source: KNOs. 


Time in days 4 10 18 
Growth; cells per mm? 
Control 800 5,600 13,000 
1,000 3,300 10,000 
ß-alanine 1,000 3,400 8,400 
1,000 3,600 7,000 
Pantothenic acid 1,300 6,900 11,500 
1,100 5,700 14,900 
Assimilated N;mg per culture 
Control 0.15 0.56 0.90 
0.14 0.39 0.87 
B-alanine 0.14 0.57 1.26 
0.13 0.59 1.27 
Pantothenic acid 0.14 0.73 0.98 
0.14 0.58 1.06 
N-content per cell; mg - 10-10 
Control 40 20 14 
28 24 17 
ß-alanine 29 34 30 
24 33 36 
Pantothenic acid 22 21 sh 
25 18 14 


appear from table 1. The growth is extremely insignificant and the nitrogen 
content per culture is low. There was no ammonia present. 

Experiment 2. ß-alanine and pantothenic acid as growth factors. The nitro- 
gen source was potassium nitrate in a concentration of 1 g. per litre. G-alanine 
or pantothenic acid were added in the concentration of 0.5 mg. per culture. 
The results of the experiment appear from table 2. The growth in the G-ala- 
nine cultures is somewhat lower than in the controls and in the cultures with 
pantothenic acid. The amount of nitrogen assimilated is, on the other hand, 


EFFECT OF ß-ALANINE AND PANTOTHENIC ACID 497 


somewhat higher and, consequently, the nitrogen content per cell in the 
ß-alanine cultures is high. 

It is clear from these experiments that G-alanine cannot be utilized as a 
source of nitrogen. In this connexion it may be pointed out that «-alanine 
is an excellent nitrogen source for Scenedesmus obliquus (Algéus 1). Added 
in small amount with potassium nitrate as the source of nitrogen, ß-alanine 
has a slightly inhibitory effect on the cell division, or none whatsoever, 
whereas the assimilation of nitrogen seems to be affected in a positive direc- 
tion. On comparing the results with those obtained with aspartic acid plus 
pyridoxine (Algéus 2) one arrives at the conclusion that the effect of the 
pyridoxine has nothing to do with the decarboxylation of the aspartic acid 
in the formation of ß-alanine. Since this alternative is thus eliminated it can 
be established that pyridoxine is active as a coenzyme in the transamination 
of aspartic acid. This, in turn, means that aspartic acid is utilized by means 
of a process of transamination and not by an oxidative deamination. 


Summary 


1. In connexion with some experiments on the effect of pyridoxine and 
aspartic acid on Scenedesmus obliquus it proved also necessary to determine 
the effect of G-alanine on this organism. 

2. ß-alanine cannot be utilized as a source of nitrogen. In small con- 
centrations with potassium nitrate as the nitrogen source it has a slight 
effect or none whatsoever, on cell division and nitrogen assimilation. 

3. From the results of these experiments and of previous studies, the con- 
clusion can be drawn that the effect obtained with pyridoxine on aspartic 
acid cultures is not connected with any formation of ß-alanine. It may be 
assumed that the pyridoxine acts as a coenzyme in the transamination of the 


aspartic acid. 
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Introduction 


The physiology of chlorate poisoning of plants had been studied among 
others by Offord and d’Urbal (1931), Neller (1931), Aslander (1931), Stapp 
and Bucksteeg (1937), before Crafts (1939) found that high concentrations 
of nitrate reduced the effect of chlorate in the soil. The investigations of 
Hurd-Karrer (1941) confirmed this, and she found also a pH-effect on the 
relation between nitrate concentration and chlorate poisoning. Lees and 
Quastel (1945) studied the effect of chlorate upon the nitrification processes 
in the soil, and found inhibition of the conversion of nitrate to nitrite, but 
not of the oxydation of ammonia. 

Finally, Aberg (1947) and Ekdahl (1947) have investigated the effect of 
chlorate and related substances (bromate, iodate, hypochlorite, chlorite, per- 
chlorate and thiocyanate) upon young wheat plants. Ekdahl investigated the 
growth of root hairs in different concentrations of these substances, whereas 
Aberg studied the growth of the plants. 

Aberg puts forward a theory to the effect that the inhibition depends upon 
conversion (reduction) of chlorate through one or more toxic intermediates 
by a specific catalytic mechanism in the sensible cells, and he supposes that 
the catalytical mechanism is the same which normally reduces nitrate. 

On this assumption, however, one should expect chlorate to have a poi- 
soning effect upon all organisms who have the ability to reduce nitrate. The 
results of Stapp and Bucksteeg (1937) seem to contradict this. They found that 
a number of microorganisms were extremely resistant against chlorate. Among 
these were the investigated fungi, i.e. Penicillium luteum, P. tannophagum 
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Figure 1. Growth of Aspergillus oryzae at different concentrations of chlorate and nitrate. 

Fully drawn curves: Mycelium weights after 4 days of culture. Curve 1: With 0.1 M KNOs 

in the substrate. Curve 2: With 0.05 M KNOs. Curve 3: With 0.005 M KNOs. Dotted curves 
show the start pH (4.18) and the end pH values in the substrates. 


and Aspergillus niger, which all grew well in substrates containing 25 °/o 
NaClO, with NH,NO, as N-source. 

Aberg, in discussing this experiment, favours the conclusion that the nitrate 
reducing apparatus may not be identical throughout the whole plant kingdom. 

This explanation is not very satisfactory, however, and a closer examina- 
tion of Stapp and Bucksteeg’s experiments seems to indicate another possi- 
bility. The species used by them are normally ammonophilic, and it would 
not seem improbable to assume that the chlorate resistance might be due 
to the nitrate reducing apparatus being passive with NH,NO, as N-source 
and thus not being able to convert chlorate to a poisonous intermediate. 

A number of simple growth experiments were undertaken to investigate this 
possibility, with Aspergillus oryzae as a test organism. I found that with 
nitrate as the only N-source, chlorate in concentrations above 0.02 M inhibited 
growth entirely. The results from an experiment will be seen in figure 1. 
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With ammonium as the only N-source, however, the growth in 1 M KCIO, 
(10 per cent) was 70—80 per cent of that in a solution containing no 
chlorate, but the same concentration of chloride, when the start pH was 5.2 
and the end pH 3.0--3.5. This proves that the chlorate effect has a close 
connection with the N-source in this organism. 

In order to obtain further information about the mechanism of the chlorate 
effect in this organism, further experiments were undertaken. These are 
dealt with in the present paper. As it was felt desirable to amplify the evidence 
on the physiology of chlorate inhibition which emerged from the Aspergillus 
experiments, the reactions of another organism, viz. Escherichia coli were 
studied next. The results of this investigation will be published shortly, with 
a concluding discussion of the theories on the chlorate effect. 


Experimental 


The mycelia were grown in 200 ml Erlenmeyer flasks, in a culture solution as 
described by Yamagata (1934). The flasks were inoculated with a thick suspension 
of spores, to give a homogeneous mat. After 4 days at 30° C, the mats were removed 
from the flasks, repeatedly washed in distilled water, and the supernatant liquid 
dried off by placing the mats on filter paper. Pieces of mycelium for the experiments 
were then cut out of the mats with a 7 mm cork bore. These pieces were first 
starved by being placed 24 hrs. on distilled water or on a phosphate buffer (no 
difference in subsequent behaviour) before the experiments were started. The pre- 
paraticn can be undertaken without disturbing the air mycelium, so that the mats 
can be cept floating in the Warburg flasks. This precaution serves to prevent aerobic 
fermentation. 

The substrate in the Warburg flasks contained 7.5 per cent glukose and 0.05 M 
KH,PO, in distilled water. The flasks used had one side arm, and a volume of 
ca. 15 ml. In each flask 2 ml. substrate was used. O, uptake and CO, production 
were measured by the direct method of Warburg, with one flask with NaOH in the 
center well, and one without. The temperature was 29° C. The dry weight of the 
mycelium pieces (after the experiment) was 3—4 mg. 


RQ and ”extra-CO2” as a measure of the nitrate assimilation rate 


The relation between nitrate assimilation and respiration has been studied 
among others by Warburg and Negelein (1920), and by Tamiya (1932) and 
Yamagata (1934). 

Warburg and Negelein found in experiments with Chlorella, that in the 
state of »pure reduction» the relation between nitrate reduced and »extra 
CO,» produced was approximately 1:2 in accordance with the theoretical 
equation 2(CH,O) +HNO,=NH,+2CO;+H,0. Tamiya and Yamagata stu- 
died the nitrate assimilation in Aspergillus oryzae during normal conditions, 
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Figure 2. Respiration of Aspergillus oryzae. Substrate containing KH>PO, (M/20) and 

glucose (7,5 per cent), to which is added 2 pmol NaNOs (to give a concentration of 

0.00095 M) after 4 hours. Dotted line indicates CO» evolution with no »extra-CO2»; constant 
RQ of 1,13. CO2 and Oz given as ul per mg mycelium dry weight. 


and measured the RQ on different C and N sources. Yamagata was able to 
prove that under normal conditions, the growth process can formally be 
described as a chemical reaction between the C source and the N source 
with mycelium and evolved CO, as end products. 

When the growth rate, the rate of oxygen uptake, and the elementary com- 
position of the mycelium are known, it will thus be possible to predict the 
magnitude of RQ. The computed results agreed in Yamagata’s experiments 
very well with those measured. 

My own experiments also show that it is possible to measure the nitrate 
assimilation by following the change of RQ in a Warburg apparatus. 

Figure 2 shows the results from such an experiment. 2 „mol NaNO; was 
added to the substrate after 4 hours. The computed evolution of »extra CO,» 
makes a total of 130 wl. (RQ before the addition of nitrate is 1.12, and in the 
period 10—12 hrs. it is 1.13, which indicates that the nitrate must have 
been completely reduced by this time. The amount of »extra CO,» per mg 
mycelium is by interpolation found to be 35.5 wl, and the total amount of 
»extra CO,» is thus 35.5 - 3.66 (mg) =130 ul.) 
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This gives 2.90 moles CO, per mole nitrate reduced. From elementary 
analyses of the mycelium the composition was found to be: 


Ashes: 12.0 per cent 
C: 49.9 » » of organic substances 
H: 6.99 » » » » » 
O: 38.3 » » » » » 
N: 4.81 » » » » » 


This gives an elementary composition of C;16H6930239N34, so that one gets the 
»growth equation»: 


612.25 (CH, O) +34NO,—=C,16H 030230 Ns4 + 96.25 CO, +340H—+ 148.75 H,O 


and: »extra CO,»/NO,-=2.84. 


Other experiments under varying conditions gave the results listed in 
table 1: 


Table 1. The quotient »extra-CO2»/NOs— as found in 3 Warburg experiments. 


Exp. no. |NaNO, added ae „| CO:/NO; Condition 
79 2 pmol 133 pl 3.0 Phosph. buffer pH 4.5; 75 per cent 0, 
32 2h 0 123 > 2.8 M/200 HCl; air 
32 2 » 128 » 2.9 M/200 HCl; air 
48 10 5 61 » 2.7 Phosph. buffer pH 4.5; air 
48 DE 127 » 2.8 Phosph. buffer pH 4.5; air 


The mean value from all these experiments is 2.85, which indicates that 
the measuring of extra-CO, is very useful when dealing with nitrate assi- 
milation. 


In such experiments it is evidently of the utmost importance to prevent aerobic 
fermentation which may falsify the results. The aerobic fermentation can be 
depressed by using an atmosphere of 75 per cent O, and 25 per cent N, in the War- 
burg flasks. When this is not done, the results must be interpreted with great caution. 


The effect of chlorate 


The effect of chlorate upon respiration in the absence of N was studied first. 
Figure 3 shows that strong concentrations of chlorate (0.095 M) cause a 
slow decrease in the respiration rate. Figure 4 shows, however, that there 
is no measurable change in RQ after addition of chlorate. Such a change 


might have been expected from a reduction process similar to that of nitrate, 
viz.: 
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Figure 3. Respiration in N-free substrate (phosphate-glucose). Addition of NaCl (curve 1) 
and NaClOs (curve 2) to give the substrates respectively a concentration of 0.095 M. The 
respiration given as total amount O2 and CO; per flask. 


Figure 4. Same experiment as in figure 2, showing that there is no measurable change 
in RQ by addition of chlorate (2) as compared with chloride (1). 


1.5 (CH,0) +C10,-=1.5 CO,+CI-+1.5 H,O 


If chlorate is at all reduced by this organism, the process must thus proceed 
very slowly, or along other lines. Attempts to detect reduction products of 
chlorate in the substrate (chloride, hypochlorite and chlorite) have failed. 
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Figure 5. CO:-evolution in 
substrate without nitrate (cur- 
ve 1), and in substrate with 
0.047 M NaNOs (curves 2, 3, 
4, and 5). Curves 3, 4, and 5: 
Chlorate added after 4 hours 
to give concentrations of 
0.00047, 0.0047 and 0.0238 
molar, respectively. The CO2- 
evolution given as total in 
each flask. 


This supports the assumption that chlorate is not measurably reduced by 
Aspergillus oryzae. Stapp and Bucksteeg (1937) also failed to detect reduc- 
tion products of chlorate in the substrates in which fungi had grown. 

Addition of chlorate to a mycelium which is assimilating nitrate, leads to 
a comparatively quick and complete inhibition of the assimilation, if the 
chlorate concentration is above a certain limit. 

Figures 5, 6, and 7 demonstrate this. In figure 7 the nitrate assimilation 
rate from. the experiments represented in figures 5 and 6 is calculated in 
per cent of uninhibited assimilation. The curve thus obtained is very similar 
to the curves showing the growth of Aspergillus oryzae in substrates con- 
taining varying concentrations of chlorate, and with nitrate as N source. 
(Figure 1.) 

Similar results are obtained by addition of a mixture of chlorate and 
nitrate. Figure 8 represents such an experiment. 

From other experiments, which are performed in 75 per cent O,, the RQ 
curves are drawn. Figures 9, 10, and 11 give the results obtained with varying 
amounts of nitrate and chlorate added. From these experiments it is con- 
cluded that the effect of chlorate is visible at concentrations above 0.005 M, 
and is evident above 0.02 M, and further that increase of the nitrate con- 
centration in the substrate does not decrease the chlorate effect in this 
organism. This can be seen, e.g. from figures 9 and 10. The experiment 
illustrated in figure 9, shows that with a nitrate concentration of 0.00472 M, 
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Figure 6. Same type of ex- 
periment as in figure 4. The 
nitrate concentration is the 
same. Chlorate concentrations 
in curves 3, 4, and 5 are 
0.0095, 0.0119 and 0.0381 molar 
respectively. 


% ASS 


CCI0; 


0.0001 0.001 0.01 0.1 


Figure 7. Inhibition of the nitrate assimilation as measured by »extra-CO:»-evolution 
from the experiments presented in figure 4 and 5, in relation to chlorate concentration. 
100 per cent Ass.=normal nitrate assimilation intensity in absence of chlorate. 


33 
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Figure 8. CO:-evolution of 
Aspergillus oryzae. Simulta- 
nous addition of chlorate 
and nitrate after 2 hours. 
Curve 1: Control. Curve 2: 
Addition of nitrate to give a 
concentration of 0.00472 M. 
Curve 3: Same amount of 
nitrate, chlorate to give a 
concentration of 0.000472 M. 
Curve 4: Same amount of 
nitrate and chlorate to 
0.00472 M. Curve 5: Same 
amount of nitrate, chlorate to 
0.0238 M. CO; evolution given 
as ul CO: per mg mycelium 
dry weight. 


2 4 6 8 
Figure 9. The change of RQ by simultanous addition of chlorate and nitrate. Mean values 
of RQ for each hour are plotted at the end point of that hour. Curve 1: Only nitrate 
(to give a concentration of 0.00472 M) added after 4 hours. Curve 2: Same concentration 
of nitrate, chlorate to give a concentration of 0.000472 M. Curve 3: Same amount of 
nitrate, chlorate to give a concentration of 0.00472 M. 
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Figure 10. The change of RQ by simultanous addition of chlorate and nitrate. Curve 1: 

Only nitrate (to a concentration of 0.000472 M) after 4 hours. Curve 2: Same concentration 

of nitrate, chlorate to give a concentration of 0.00472 M. Curve 3: Same concentration 

of nitrate, chlorate to give a concentration of 0.0238 M. Due to the small amount of nitrate 

added (1 umol), the assimilation is completed after about 10 hours. (cf. figure 2, at least 
in samples 1 and 2. 


2 4 6 8 10 12 


Figure 11. The change of RQ by simultanous addition of chlorate and nitrate. Curve 1: 

Only nitrate (to a concentration of 0.000953 M) after 4 hours. Curve 2: Same concentration 

of nitrate, chlorate to give a concentration of 0.0238 M. Curve 3: Same concentration of 

nitrate, chlorate to a concentration of 0.0472 M. The amount of nitrate in sample 1 (2 pmol) 
is here assimilated after about 10 hours. 


a chlorate concentration of 0.00472 M (curve 3) gives a visible inhibition of 
the nitrate assimilation, whereas from figure 10 it will be seen that with 
a nitrate concentration of 0.000472 M, the effect of 0.00472 M chlorate 
(curve 2) is not noticeable. From the growth experiment (figure 1) it will 
also be seen that complete inhibition of the growth is dependent on the 
chlorate concentration only, and not on the nitrate concentration. 
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Figure 12. The reversibility of the chlorate effect. Curve 1: Control, without chlorate. 
Curve 2: 0.0238 M NaClOs. Curve 3: 0.0476 M NaClOs. For further details, confer the text. 


The object of the next experiments was to investigate whether the inhibi- 
tion is reversible or not. 

In the first experiment mycelium pieces were kept in the Warburg appa- 
ratus in 0.0238 M NaCIO, and 0.0476 M NaCIO, respectively, together with 
0.000953 M NaNO,. A control was given a similar treatment, but without 
chlorate. The RQ curves show a strong inhibition of the nitrate assimilation 
in the two samples, as compared with the control. Eight hours after the 
addition of the chlorate-nitrate mixtures, the mycelium pieces were taken 
out of the flasks, washed and placed in petri dishes with M/10 KH,PO, for 
3 hours. Then they were placed in the Warburg flasks anew, with addition 
of NaNO, to all flasks after 3 hours. The nitrate assimilation was still 
markedly reduced in the mycelium pieces which had been exposed to chlorate 
as compared with the control, Figure 12 gives the RQ curves for the experi- 
ment. | 

In the second experiment, the mycelium pieces were exposed to 0.0238 M 
chlorate and 0.000953 M nitrate for fwelve hours, washed, kept in M/10KH,PO, 
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Figure 13. The reversibility of the chlorate effect. Curve 1: Control without chlorate. 
Curves 2 and 3: 0.0238 M NaClOs. Confer the text for details. 


during 67/, hours and then placed into the Warburg flasks again. After 
4 hours nitrate was added to the control and one of the chlorate-influenced 
parallels, while NH,Cl was added to the other. Figure 13 shows the RQ- 
curves. The respiration intensity cannot be derived from these curves. The 
mycelia floating on the chlorate-nitrate mixtures, showed a slow decrease 
in the rate of oxygen uptake, down to 60—70 per cent of original. After the 
washing, the respiration intensity did not change. It increased slightly after 
addition of nitrate, and markedly after addition of ammonium. In the latter 
case, the mycelium showed every sign of normal growth, thus proving that 
no vital centers of ihe cells have been destroyed by the chlorate addition, 
although in this case it has evidently irreversibly inactivated the nitrate 
assimilation apparatus. The rise of RQ which takes place in this case after 
8—9 hours (curve 3) is probably induced by secondary effects. 


Nitrite assimilation and chlorate effect 


It is now natural to study the effect of chlorate upon the assimilation of 
nitrite, since nitrite, free or more probably bound to a cytoplasmic consti- 
tuent, is usually regarded as an intermediate in the reduction of nitrate in 
plants (Burström 1945). 
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Figure 14. The respiration of Aspergillus oryzae in glucose-phosphate substrate. 1 pmol 

NaNO; (to give a total concentration of 0.00047 M) added after 4 hours. The CO:-curves 

are extrapolated back to the addition moment of nitrite, and the amount of »extra-CO»» 
calculated. O2 and CO; given as ul pr mg mycelium dry weight. 


The assimilation of nitrite can be measured in the same way as the nitrate 
assimilation by measuring the RQ (Yamagata 1934). 

Asp..oryzae seems, however, to be little suitable as a test organism for these 
investigations, as it is assimilating nitrite only at a low rate. Yamagata was 
thus not very successful with her experiments with nitrite as N-source. In 
her experiments the mycelia were kept in an atmosphere of 80 per cent Og. 
I found, however, that there seems to be a connection between the O, partial 
pressure and the rate of nitrite assimilation, as this was considerably higher 
in an atmosphere of ordinary air, than in 75 per cent O,. In the case of 
nitrate reduction, the influence of the O, partial pressure has been demon- 
strated by several investigators (Gilbert and Shive 1945, Lemoigne, Croson 
and Treis 1946, Nance 1948, Sacks and Barker 1949). 

When the respiration rate is measured manometrically in the presence of 
nitrite, an error may be introduced by liberation of free nitrogen in possible 
reactions between nitrite and some amino group. This possible error will 
however, only be manifest in measurements of the O, uptake, and not 
influence the quantity of CO, given off. And it is the CO, production which 
is the main feature in the present case. 

Figure 14 gives the results from an experiment with addition of nitrite 
after 4 hours. The amount added is 1 umol, so that the total concentration is 
0.000476 M. The O, uptake curves show a slight increase after the addition. 
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Figure 15. RQ-curves for Aspergillus oryzae. Fully drawn curve: Addition of 1 pmol 
NaNO; after 3 hours. Dotted curves: Addition of nitrite (same amount) and chlorate to 
give a concentration of 0.0238 M after 3 hours. 


This indicates that considerable quantities of free nitrogen are not given off. 
The CO,-curves show a S-formed shape, as in figure 2. Because this experi- 
ment has been performed in atmospheric air, however, the value of RQ after 
finished nitrite assimilation is considerably higher than before the nitrite 
addition, due to aerobic fermentation. 

This complicates the determination of the »extra-CO,» by interpolation, 
but a minimum value may be obtained on the presumption that aerobic 
fermentation starts just in the moment of nitrite addition. Table 2 shows the 
resulting data: 


Table 2. Nitrite and »extra-CO2» production. 


”Extra-CO,” per mg| Mycelium weight | ”Extra-CO,” NO,— ”Extra-CO,”/NO,— 
15.0 pl 3.25 mg | 2.2 » Mol 1.0 » Mol 2.2 
14.0 » 3.54 » 2.2.1» 1. 1:00 > 2.2 
13.0 » 3.24 > | LE) 1.0» » 1.9 


Theoretically one should expect a CO,/NO,— quotient of 2.34, according to 
the composition of the mycelium. The results therefore seem satisfactory. 

Three experiments with in the whole 5 parallels, to investigate the effect 
of chlorate on nitrite assimilation, all gave the result, that chlorate had no 
inhibiting effect. 

Figure 15 gives the results from such an experiment, with addition of 
1 „mol NaNO, and chlorate to give the substrate a concentration of 0,0238 M 


after three hours. 
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Summary 


1. Growth experiments show that the effect of chlorate upon Aspergillus 
oryzae is dependent on the N source. The growth is not, or very weekly 
inhibited in the presence of ammonium salts, but strongly inhibited if nitrates 
are the only N source. The inhibition seems to be independent of the nitrate 
concentration. 

2. The method of measuring nitrate assimilation by means of the »extra 
CO,» evolution and the RQ is tried, and found to give satisfactory results. 

3. Chlorate was found to have only a slight effect upon the respiration 
intensity of Aspergillus oryzae. In the absence of N, no change of RQ was 
induced by addition of chlorate, and no reduction could be detected. How- 
ever, the increase of RQ which normally follows addition of nitrate to the 
substrate was markedly depressed in the precense of chlorate. This indicates 
that the growth inhibition is due to an inhibition of the nitrate reducing 
apparatus. 

4. The assimilation of nitrite was in a similar way found not to be in- 
hibited by chlorate. This indicates that the effect of chlorate must be related 
to the first reduction step during nitrate assimilation in Aspergillus oryzae. 
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Introduction 


In a previous paper (Osterlind 1951) experiments have been reported on 
the assimilation of CO, and HCO,— by Scenedesmus quadricauda. The assi- 
milation was measured in terms of oxygen production by means of special 
Warburg-vessels. The algae were illuminated for some hours before the 
experiment in order to empty the solution of carbon sources. During this 
time the manometers were open and no readings were made. A carbon source 
was then added and the rate of photosynthesis was measured manometrically. 

It was found that a young culture with an extinction value of E=0 25 
assimilated HCO,- rapidly, whereas an old culture (E>1.0) had quite lost 
the ability to use bicarbonate. The rate of CO, assimilation had only de- 
creased to about '/, during the same time. It was assumed that there must be 
present a certain enzyme system to pass the charged HCO,~ ions through the 
cell membrane. 

In the present paper experiments are reported which show that this 
assumed system in some cases may be activated by light. 


Experiments 


Experiment 1. Fig. 1. 1 litre of nutrient solution D (phosphate buffered) 
(Osterlind 1949, p. 42) was inoculated with Scenedesmus quadricauda. It 
was aerated with 2 °/o CO, in air and illuminated continuously, After 13 days 
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Figure 1. Expt. 1. Photosynthesis in CO: and HCOs-. Photoactivation of the bicarbonate 
assimilation. 


the culture had reached the density E=0.66. pH 7.3. The conditions under 
which the inoculum for this and the following experiments was grown are 
summarized in Table 1. The culture was centrifuged, and the cells were 
washed twice with distilled water. They were then distributed in equal quan- 
tities to two 0.1 M phosphate buffers with equal molar parts of Na and K 
salts and with pH 5.3 and 8.6. E=0.20. Two special Warburg-vessels (Oster- 
lind 1951) were filled with 80 ml from each of these two inoculated phos- 
phate buffers. During the time needed for reaching temperature equilibrium 
(about 1 hour) with the water bath (25° C), the vessels were not illuminated. 

In the vessels 1 and 2 with pH 5.3, photosynthesis began immediately after 
the start of illumination. No carbon source had been added, but the celis had 
produced CO, by respiration during about 1 hour. Due to the CO, dissolved 
in the phosphate buffer and to the carbon sources in the cells, a slow photo- 
synthesis could be obtained. After about 100 minutes, the carbon sources had 
been emptied and photesynthesis stopped. From the pressure reached in 
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Photoactivation of the bi- 
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these vessels, the initial concentration of CO, could be estimated as about 
50 „moljl. 

In the vessels 3 and 4 with pH 8.6, no photosynthesis occurs during the 
first 30 minutes. After that time the oxygen production starts, slowly at first 
but with an increasing rate. These curves stop at a higher pressure than those 
with pH 5.3, depending on the CO, absorbing power of the alkaline buffer. 
The initial concentration was estimated to be about 100 umol/l. 

The illumination was continued for 210 minutes. During the following 
8-miautes dark period, 100 umol Na,CO,/l were added to one vessel of each 
pH value, The calculated concentrations of CO, and HCO,~ in the solutions 
are given in Fig. 1. The other two vessels received the same volume of pure 
water. When illumination was started, the photosynthesis immediately began 
in both the vessels with added carbon sources. 

The fact that photosynthesis in CO, is more rapid after the addition of 
Na,CO, than at the start of the experiment is due to the different concentra- 
tions. This is shown from the next experiment and also from Osterlind (1951), 
experiments with Scenedesmus quadricauda in various concentrations of CO,. 

In HCO,~ there was a 30 minutes lag period at the start of the experiment 
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Figure 3. Expt. 4. Photosynthesis in CO: and HCOs—. No photoactivation of the bicarbonate 
assimilation. 


and after this period the rate of photosynthesis continued to increase during 
the following 50 minutes. After that time the decreasing concentration of 
HCO,— prevented an eventual further increase of the rate. After 210 minutes 
illumination it is seen that the cells were able to assimilate HCO,~ still better. 
This result must be explained as an activation, caused by illumination, of 
some factor that is necessary for the bicarbonate assimilation but not for 
the carbon dioxide assimilation. 


Experiment 2. Fig. 2. The growth conditions of the inoculum are given 
in Table 1. Before the start of the experiment, 100 ymol Na,CO,/l were 
added to one vessel of each pH value. It is seen that this addition of CO, 
to the acid vessel increases the rate of photosynthesis, which is thus limited 
if no extra addition is made (cf. Expt. 1). 

Also in this experiment the HCO, assimilation starts after a period of 
activation. The lag period is 10—15 minutes longer in the vessel which has 
received an addition of bicarbonate, but this seems to be an accident, which 
has not happened in other experiments of the same type. Usually there is no 
difference between the two curves until the bicarbonate becomes limiting in 
one of the vessels. 

Experiment 3a. Table 1. From Expts. 1 and 2 it seems likely that the 
activation is caused by the light. In order to control this assumption, two 
parallel vessels at pH 9.1 were run. One of the vessels was kept in the dark 
and the other was illuminated. 35 minutes after the start of the illumination 
the assimilation of bicarbonate began in the illuminated vessel. 40 minutes 
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after the start, the dark vessel was also illuminated and after a further 35 
minutes the assimilation also began in this vessel. The experiment shows 
that the activation of the factor necessary for bicarbonate assimilation is 
really caused by the illumination. 

Experiment 4. Fig. 3. Table 1. No addition of Na,CO, was made. Photo- 
synthesis in carbon dioxide begins immediately at the start of illumination. 
In bicarbonate, the photosynthesis proceeds at a low but constant rate for 
at least 175 minutes. The cells have lost the ability to activate the factor, 
necessary for bicarbonate assimilation; at least, it is not activated during 
this time. 

Experiment 5. Fig. 4. Table 1. The cells used in the first part of this 
experiment had been grown for 7 days in nutrient solution C, aerated with 
air (0.03 per cent CO,). 100 „mol Na,CO,/1 were added to the vessels 2 and 4. 

The same culture was used for the second part of the experiment, but it 
had grown for a longer time. Both the vessels used in this part obtained 
100 ymol Na,CO;/1. 

In this case, the factor that had been activated by light in Expts. 1, 2, 
and 3 was already activated when the first part of the experiments was 
started. In the second part, where the culture was older, CO, assimilation 
was certainly a little slower than in the previous case, but the ability to 
assimilate bicarbonate was almost completely lost; nor could it be activated 
during the experiment. 

According to the experiments described the algae may behave in three 
different ways with respect to the ability to assimilate bicarbonate: 


A. The bicarbonate assimilation may start at once when the algae are 
illuminated. (Expt. 5, first part). 

B. The bicarbonate assimilation may run more or less slowly during the 
first 20—40 minutes. After that time the rate increases rather slowly and 
reaches the maximum rate after some further tens of minutes. (Expts. 1, 2, 
and 3). 

C. The bicarbonate assimilation may run slowly during all the experi- 
mental time. Expts. 4 and 5, second part). 


In all cases the carbon dioxide assimilation starts at once when the algae 
are illuminated. 

In order to investigate whether an activation obtained by illumination is 
stable during the treatment of the algae that proceeds an experiment, espe- 
cially the centrifugation, the following experiment was performed. 

Experiment 6. Fig. 5. Table 1. Two 4-days cultures in carbonate buffer 
were used, both aerated with 2 per cent CO,. The pH values were 6.7 and 8.3. 
The low pH value had been obtained by adding HCl to the carbonate buffer. 
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Figure 4. Expt. 5. Photosynthesis in CO2 and HCOs—. Bicarbonate assimilation starts at 
once (A) or may not be activated at all (B). 


Vessels 1 and 2 were inoculated from the culture with pH 6.7, vessels 3 and 4 
from the culture with pH 8.3. 

After 50 minutes illumination, the solutions in vessels 3 and 4 were centri- 
fuged and a new experiment started using the centrifuged algae as inoculating 
material. Vessels 3a and 3 b got the algae from vessel 3; vessels 4a and 4b 
from vessel 4. Vessel 3 a could not be used on account of a leakage. 

In vessels 1 and 3 the CO, assimilation starts rapidly as usual. The HCO,- 
assimilation of the algae grown at pH 6.7 also starts at once although the 
rate of assimilation is lower than in the CO, solutions. In the alkaline vessel, 
inoculated with cells from the culture at pH 8.3, the rate of bicarbonate 
assimilation is, however, rather low at first but after 25 minutes the rate is 
enhanced, i.e., the factor necessary for bicarbonate assimilation is activated. 
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Figure 5. Expt. 6. Photosynthesis in CO: and HCOs-—. Cells from an acid culture start 
bicarbonate assimilation at once, cells from an alkaline culture need activation. 


In this case the rate is rather high also before the activation. It is possible 
that part of the factor was activated already in the culture. The conditions 
of the culture used for this part of the experiment (culture with pH 8.3) 
agree with those of the culture for Expt. 2. Yet the inactive period is shorter 
and less marked in Expt. 6, a fact very possibly due to individual variations 
between the cultures, which cannot be controlled. 

In the second part of the experiment, the photosynthesis in all the vessels 
starts immediately. This means that the activation, caused by the illumina- 
tion of vessel 4, is maintained during the procedure necessary to start an 
experiment, i.e., centrifugation of the algae and a dark period of 1—2 hours. 
The collected results from this and other experiments shows that if the algae 
are active at the start of an experiment it follows that they must also have 
been so in the culture from which the inoculum was taken. 
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The experiment also answers the question of whether the bicarbonate 
assimilation is activated also in the acid vessels with only CO,. The algae 
in vessel 3b had been illuminated during 50 minutes in vessel 3 at pH 4.9. 
The bicarbonate assimilation in vessel 3b starts immediately and thus it 
follows that an activation has occurred in vessel 3. At the start of the first 
part of the experiment, the algae were not active as is seen from the low rate 
at the beginning in vessel 4. 


Discussion 
Conditions for activation of the factor 


The experiments reported indicate that bicarbonate assimilation is a more 
complicated process: than carbon dioxide assimilation. CO, assimilation 
always begins immediately when illumination is started, not taking into 
consideration the delay caused by the slow diffusion from water phase to 
gas phase in the vessels and eventual short-time induction phenomena. The 
bicarbonate assimilation, on the contrary, often begins only after a lag period 
of 20—40 minutes, during which period some factor necessary for the 
bicarbonate assimilation is being activated. 

The occurrence of this lag period is due to the conditions under which the 
inoculum has been cultured. In order to investigate these conditions, the data 
from a number of experiments have been collected in Table 1. Expts. 1—6 
are those described above, whereas the other experiments have not been 
published. 

Although the combinations of pH, percentage of CO, and age of the culture 
examined are rather few, some conclusions may be drawn regarding the 
conditions necessary for activating the cells for bicarbonate assimilation. If 
the algae are aerated with 2 °/o CO, they may be active if the pH is lower 
than 7 (Expt. 6 a). An exception has been found (Expt. 13 b). At pH 6.9—7.7 
the algae are not active, but may be activated by illumination if the culture 
is young (Expts. 3a, b, 7a, b, 13 b, c), but also if it is old and dense (Expts. 
1, 9, 10, 11 d). If the pH value is higher (8.3—8.5), the cells may be activated 
if the culture is young (Expts. 2, 6b, 8, 11 c), but in old cultures this ability 
is lost or activation needs more than 3 hours (Expts. 4, 11 a). Some results 
indicate that other properties also determine the state of the factor. In Expt. 
11 b, the culture is denser than in Expt. 4, and yet it may be activated in 
Expt. 11 b, but not in Expt. 4. Nor does the result of Expt. 11 b agree with 
that of Osterlind 1951 (see beiow). 

If the algae are aerated with a low percentage of CO, (0.03 per cent=10 
umol/l), the cells are active at all pH values, provided the culture is not too 
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Table 1. 
Conditions during cultivation of the inoculum Rn 
D e factor for bicar- 
ND Buffer pH ce at ee bonate assimilation 
substance cent CO, days 
1 Phosphate... 7.3 2 13 0.66 may be activated 
2 Carbonate .. 8.5 2 4 0.11 may be activated 
3 a | Phosphate .. 7.2 2 5 0.42 may be activated 
3 b | Phosphate .. 7.4 2 5 0.12 may be activated 
4 Carbonate ..| 8.5 2 17 0.64 may not be activated 
5 a | Carbonate . 10.3 0.03 a 0.08 is active 
5 b | Carbonate . ya 0.03 20 0.55 may not be activated 
6 a | Carbonate .. 6.7 2 4 0.16 is active 
6 b | Carbonate .. 8.3 2 4 0.14 may be activated 
7 a | Phosphate . 6.9 2 4 0.32 may be activated 
7b | Phosphate . 7.2 2 4 0.29 may be activated 
8 Carbonate .. 8.3 2 5 0.07 may be activated 
9 Phosphate .. 7.3 2 16 0.9 may be activated 
10 Phosphate .. 7.3 2 14 0.73 may be activated 
11 a | Carbonate .. 8.5 2 20 1.5 may not be activated 
11 b | Carbonate . 8.3 2 14 0.73 may be activated 
11 c | Carbonate .. 8.3 2 9 0.43 may be activated 
11 d | Phosphate .. 7.7 2 27 1.2 may be activated 
12 Phosphate .. 8.7 0.03 10 0.11 is active 
13 a | Phosphate .. 7.6 0.03 4 0.05 is active 
13 b | Phosphate .. 6.0 2 4 0.07 may be activated 
13 c | Phosphate . 7.2 2 4 0.10 may be activated 


old (Expts. 5a, b, 12, 13a). In old cultures at high pH values (11.1) it is 
not possible to activate the cells (Expt. 5 b). 

These findings may also be compared with the conditions in the vessels 
during an experiment. It has been shown (Expt. 6) that the cells are activated 
by illumination at pH 4.9, even if there is a high CO, concentration (about 
200 „mol/l=0.6 per cent in the air) and a low bicarbonate concentration 
(about 8 pmol/l). This is in agreement with the above statement that the 
cells are active if grown at low pH values even if aerated with high con- 
centrations of CO.. 

The cells are further activated (Expts. 1, 2, 6b) in the vessels at high pH 
values (8.6—9.2) where the bicarbonate concentration is 100—300 ymol/l, 
whereas the carbon dioxide concentration is very low (about 1 ymol/l). This 
is in agreement with the above statement that the cells are active if the 
culture is aerated with a low percentage of: CO,, even if pH is high. 

It should also be discussed how these results agree with those of Osterlind 
(1951). That paper is briefly reviewed in the Introduction above. The condi- 
tion of the inoculum in those experiments with young cultures was the same 
as in Expts. 2 and 6b (Table 1). It must therefore be concluded that during 
the preillumination in the earlier experiments the cells did not assimilate 
bicarbonate at once but only after an activation period. After that activation, 
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however, the cells were able to use bicarbonate rapidly as was shown in the 
old experiments and as is shown in Expt. 1 in this paper. 

In the earlier experiments with old cultures of pH 8.2 (10 days), only a 
very slow bicarbonate assimilation occurred. This is in full agreement with 
Expt. 4 in the present paper, where the rate of assimilation was about the 
same and no activation occurred. 

Thus, all findings agree with the above correlation between the factor in 
question and the culture conditions of the inoculum. The factor is constitu- 
tive at low pH values, i.e., it is active independent of its necessity. At high 
pH values it functions as an adaptive factor, i.e., it is active only if the carbon 
dioxide concentration is too low for rapid assimilation. The reason for this 
may possibly be found in an increased stability of the active factor at low 
pH values. About the mechanism of activation nothing is known at present. 


The function of the factor 


About the function of the active factor two possible hypotheses may be 
given. 

It may be supposed that CO, and HCO,~ are taken up by the cells in dif- 
ferent ways, that one of them is transformed into the other, and that the 
assimilation then follows the same path in both cases. Due to the rapid 
start of the CO, assimilation under all conditions and the sometimes delayed 
start of HCO,— assimilation, it may be suggested that CO, enters more 
directly into the carbon dioxide fixation cycle (Benson & Calvin 1950), 
whereas the absorption of HCO,— needs one or several factors that are not 
needed for CO, absorption. It may be added that as yet no plant is known 
which can assimilate HCO,— but not CO,, whereas the reverse has been 
demonstrated with water-mosses by Steemann Nielsen (1947) and Ruttner 
(1947) and with Chlorella pyrenoidosa by Osterlind (1950, 1951). 

It has been shown (Osterlind 1951) that in Scenedesmus quadricauda the 
maximum rate of photosynthesis is reached even at very low concentrations 
of HCO,-, whereas much higher concentrations of CO, are needed to reach 
the maximum rate. In spite of this, the maximum rate is higher with CO, 
than with HCO,— (see Figs. 4 and 5). The different pH values may have an 
influence on the latter fact, but hardly on the former. This difference in 
dependence on the concentration is certainly due to differences in the site 
of the actively absorbing systems. The bicarbonate ions are actively absorbed 
at or very near the surface of the cells, whereas the carbon dioxide molecules 
must diffuse through the cell membrane to the absorbing two-carbon acceptor, 
located either in the chloroplasts or outside them in the plasma. Steemann 
Nielsen (1951) has drawn another conclusion from his experiments with 
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Figure 6. Schematic pictures of various theories concerning the reaction which is photo- 
activated. 


Myriophyllum and Ulva, but it seems as if his results may be explained in 
another way (see below); nor is it certain that all plants behave in the same 
fashion. 

It is possible that the factor being activated in the experiments described 
has something to do with this absorption of bicarbonate ions at the cell 
surface. It has been suggested (Steemann Nielsen 1951) that HCO,— ions 
could not be taken up by an active, energy-requiring process because the 
absorbed HCO,- 

consumed O, 
In photosynthesizing plants, however, energy sources other than respiration 
are available, and an active ion absorption may be more closely connected 
with the absorbed light energy than with the respiration. Furthermore, the 
experimentally obtained value of the quotient is far from the value which 
is theoretically possible. Therefore one cannot exclude the possibility that 
bicarbonate ions are taken up by an active absorption process in green plants 
in the same way as other ions are taken up by roots. If the factor in question 
is connected with this absorption, both the Schemata Al and A2 (Fig. 6) 


quotient (Lundegardh 1949) should be of the order of 1. 
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are possible, i.e., one cannot say which of the two substances CO, and HCO,— 
is the active one in the fixation cycle. 

There remains, however, the possibility that the photoactivated factor may 
be carbonic anhydrase. According to Schema B carbon dioxide should then 
enter the fixation cycle directly, whereas bicarbonate ions must be trans- 
formed by the anhydrase to carbon dioxide. It is possible that determinations 
of the carbonic anhydrase content of active and inactive cultures might 
decide which of these hypotheses is the correct one. 


Some remarks on a method for differentiating between active 
ion absorption and passive diffusion 


It has been considered by Steemann Nielsen (1951) that the bicarbonate 
absorption in photosynthesizing water-plants is not an active process but 
only a passive diffusion. The weightiest argument in favour of this con- 
sideration should be the relation between the rate of photosynthesis and the 
concentration of HCO,— in the solution. If photosynthesis is independent of 
the concentration (except at very low concentrations), the absorption is an 
active process (Fig. 7, A). If it also depends on the concentration in more 
concentrated and well-stirred solutions, the absorption is a passive diffusion 
(Fig. 7, B). He compares the active absorption with the electrolysis of a 
copper sulphate solution, which is an active process, i.e., it requires energy. 
The same example has been used by Olsen (1950) as a comparison with the 
absorption of anions by rye roots. Although this methed for differentiating 
between active absorption at the cell surface and passive diffusion, eventually 
followed by an active process inside the cell, is certainly valid in most cases, 
the comparison of the active absorption with electrolysis seems to be mis- 
leading. Also, intermediate curves might be obtained. 

It is stated by Olsen and Steemann Nielsen that the amount of copper 
deposited on the cathode is independent of the concentration of copper ions 
and depends only on the current strength. If this statement is compared 
with photosynthesis it would mean that the rate of photosynthesis (=Cu 
deposited per unit time) depends on the amount of HCO; absorbed per unit 
time (=current strength) and is independent of the concentration of HCO,— 
(=Cu ions in the solution). This comparison is founded on the fact that the 
current is transported by the Cu ions, which are deionized at the cathode in 
the same way as HCO,- ions are transported to the cell. Because the rate 
of photosynthesis may be measured as the absorption of HCO;~ the state- 
ment becomes a truism. 

The reason for this is that the initial statement of independence between 
the Cu deposited on the electrode and the concentrations of Cu ions is true 
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only if the voltage is at the same time regulated to keep the current constant. 
If a copper sulphate solution is electrolyzed with Pt electrodes the concentra- 
tion of the solution decreases. If the voltage is constant, the conductivity 
decreases, as does the strength of current and the amount of Cu deposited 
per unit time. If the current and the Cu deposited per unit time should be 
constant as is assumed above, the voltage must be increased continually. 
The voltage must be compared with the force with which the active surface 
of the cells attract each ion in the solution, and this force is independent of 
the concentration of the ions. If the voltage is kept constant during electro- 
lysis. the Cu deposited per unit time decreases with the concentration. There- 
fore it must be concluded that the comparison of photosynthesis with electro- 
lysis indicates that photosynthesis with bicarbonate ions should depend on 
the concentration of these ions and, generally, that the rate of absorption of 
ions should depend on their concentration in the solution. 

Nevertheless it has been shown (Olsen 1950, Osterlind 1951) that the absorp- 
tion of some ions is independent of their concentration in the solution except 
at very low concentrations. The explanation must be that the similarity to 
electrolysis applies only to very low concentrations. The affinity of the cell 
surface for the ions is high in comparison to the capacity of the mechanism 
that transports them to other parts of the cell or the plant. Thus, the cell 
surface is saturated already at the low concentration c, (Fig. 7). Therefore, 
the change from dependence to independence takes place at low concentra- 
tions (c,) if there is an active absorption already at the cell surface and at 
high concentrations (c,) if the substance must first diffuse into the cell. 

However, several factors may induce intermediate shapes of the absorption 
curves. The active cell surface may be covered with a thick cell wall or 
with other substances, e.g. slime, through which a diffusion must take place. 
It may be questioned if this is not the reason why Steemann Nielsen (1947, 
1951) has not got independence between concentration and photosynthesis 
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in Myriophyllum but a curve of the shape B. Further, the stirring of the 
solution is a difficult problem in a system without a gas phase, especially 
when, unlike the unicellular algae, the absorbing parts are not extremly 
small. 

If the absorbing power (the reaction rate) at the surface is low in com- 
parison to the capacity of the transporting mechanism the curve A may 
approach B. If the active absorption is located inside the cell the distance of 
diffusion may be extremly short; then the curve B approaches A. 


Summary 


Manometric determinations of the photosynthesis of Scenedesmus quadri- 
cauda in carbon dioxide (pH 5) and bicarbonate (pH 9) have been perfor- 
med. The carbon dioxide assimilation always begins immediately when illu- 
mination is started, whereas the bicarbonate assimilation often begins only 
after a lag period of some tens of minutes. The conditions favouring the 
activation of the bicarbonate assimilation are low pH values and a low CO, 
content. 

It is suggested that the factor to be activated is either connected to the 
absorption of bicarbonate ions or is carbonic anhydrase. Some general remarks 
about active ion absorption and passive diffusion are also given. 


This work was aided by a grant from the Swedish Natural Science Research 
Council. The author is indebted to Mr. Lars Eric Persson for valuable technical 
assistance. 
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Anion Absorption by an Alga with Cyanide Resistent 
Respiration 
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According to Lundegardh (e.g., 1949, 1950) there is a close connection 
between that part of respiration in wheat roots which may be inhibited by 
cyanide, and the absorption of anions. This part of the respiratory process 
is called anion respiration. By partially inhibiting concentrations of cyanide, 
the anion respiration is inhibited to the same degree as the anion absorption. 
A theory has been proposed, according to which the electron transfer from 
the interior of the root (or the cell) to the surface constitutes the energy 
source for the absorption and transport of anions. The theory has been 
worked out especially for the cytochrome-cytochrome oxidase system. 

There are plants, however, the respiration of which is not inhibited by 
cyanide. It is usually assumed that in these plants other systems than the 
cytochrome system transport the hydrogen from the dehydrogenases to the 
oxygen, or that the cytochrome oxidase is in some way protected from the 
inhibitor (Darby & Goddard 1950). Organisms with cyanide-insensitive or 
cyanide-stimulated respiration have been found among the green algae (Ra- 
binowitch 1945, p. 305). It was found in preliminary experiments that the 
respiration of the previously used alga Scenedesmus quadricauda was resi- 
stant to at least 0.1 M HCN. Therefore it seemed to be of interest to examine 
the absorption of anions by this alga at various concentrations of HCN. 
Most likely the absorption should be connected to the respiratory system, 
although this does not seem to be the cytochrome system, and thus no inhibi- 
tion of the anion absorption should be found in HCN. The experiments 
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reported in the present paper show, however, that anion absorption is very 
sensitive to cyanide, 10—° M HCN causing almost total inhibition. The experi- 
ments have hitherto only been performed with the anion NO,—. 


Experiments 


The same strain of Scenedesmus quadricauda was used as in previous 
work (Osterlind 1949). It was cultivated in the usual way in carbonate or 
phosphate buffers, aerated with 2 per cent CO, in air. According to the 
results of previous experiments (Osterlind 1951 b) the algae were not able 
to assimilate bicarbonate, at least not without photoactivation. One or two 
days before an experiment the culture was centrifuged and the algae trans- 
ferred to a 1/44 M NaKHPO, solution in order to decrease the nitrate content 
of the cells. This suspension was aerated and illuminated in the same way 
as the cultures. After another centrifugation the cells were suspended in a 
phosphate buffer of pH 6.1—6.2 and transferred to large Warburg-vessels 
of Pyrex glass (Figure 1). 

The total volume of a vessel was 90—95 ml. Each vessel was placed in a 
brass box which was fastened to the manometer and shaken in a usual 
Warburg bath at 25° C. The vessel was connected to the manometer by means 
of a short piece of fine rubber tubing. The gas phase (including manometer 
connection) was about 14 ml and the liquid phase about 75—80 ml. The 
cyanide (KCN) was added to the phosphate buffer whereas the nitrate was 
added to the ampulla. 


Figure 1. Vessel used for the measurement of re- 
spiration and nitrate absorption. 


530 


SVEN OSTERLIND 


Table 1. Rate of respiration (oxygen consumption) at various concentrations of cyanide. 


a 


Concentration of HCN, pM 
Expt. No. | 499,000 | 10,000 | 1,000 100 | 10 1 ROLE 
(Time of 
NO,— ab- Rate of respiration 
sorption, | pu] |0/0 of pl (0/0 of) pl (0/0 of| pl |0/0 of| pl |0/0 off ul [0/0 of| pl |%/o of| ul (po 
hours) per | zero| per |zero | per | zero| per |zero | per |zero | per |zero | per | zero| per | zert 
hour! rate | hour) rate | hour! rate | hour) rate | hour| rate | hour| rate | hour] rate | hour| rate 

2801190: |. 296 et O2 200 | LOO PS MO eee = ln = 
11 (2:9) ese ar: 1864 117201985 ES — | 159} 100 
III (5.2) | —-\-|-|-| — 85 2.89: SONDE 96 | 100 
IV (5.0) | — | — | - | I 1 - | — | | = | =] 92 | 117| 86 | 110 |" 78) 108 


When the vessels had been in the water bath for 15 minutes, temperature 


equilibrium had been reached and the nitrate was 


added. After respiration 


had continued for some hours, the experiment was interrupted, the algal 
suspensions filtered through porcelain filters and the nitrate concentration 
estimated colorimetrically by means of the phenol disulphonic acid method, 
according to the description of Olsen (1950). Two 10 ml samples were taken 
from each solution and the values given in Table 2 calculated from the mean 
values of these two determinations. In the Pulfrich photometer, a 20 mm 
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Figure 2. Respiration and nitrate absorption at various concentrations of HCN. 
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Table 2. Nitrate absorption at various concentrations of cyanide. Nitrate concentration at 
the start of each experiment 0.295 mM. 


| rn 


Concentration of HCN, »M 
Expt. No. 10,000 1,000 100 10 5 
(Time of NO, ; : 
absorption, Nitrate absorption 
hours) mmol | 0/0 of | mmol | 0/0 of | mmol | 0/0 of| mmol | 0/0 of | mmol | 0/0 of 
per zero per zero per zero per zero per zero 
litre abs. litre abs. litre abs. litre abs. litre abs. 
II FA es — 0.019} — 17 — 0.021 — 19 — — = — — — 
HUB 22 2 — = = — |+ 0.009} + 14/+ 0.0000 +0 — = 
IV (5.0) ......| — — — = = = = = = == 
V (6.0) ...... = = — — — — |+ 0.017) + 19 |+ 0.035) + 39 


Concentration of HCN, »M 


e Expt. No. 3 1 0.1 0 
a Nitrate absorption 
hours) mmol 0/0 of mmol 9/0 of mmol 0/0 of mmol 0/0 of 
per litre | zero abs.| per litre | zero abs.| per litre | zero abs.| per litre | zero abs. 
NE) ence — — — — = = + 0.110} +100 
MIE (5:2) 2225. — — —- — — — + 0.064) + 100 
LN CON ee — — + 0.052) +98 | + 0.061) +115 | + 0.053) + 100 
Va Der + 0.048| +54 — — — — + 0.089; -+ 100 


cell was used. At the concentrations used the relation between extinction 
values and concentration of nitrate is strictly linear. It has been shown that 
cyanide does not affect the nitrate determinations. Experiments were also 
made with NH,OH but in the presence of this substance the values obtained 
by the phenol disulphonic acid method were too low. 

The rates of respiration have been calculated as oxygen absorption, 
assuming a respiratory quotient of 1. A deviation from this value does not 
produce much error due to the large volume of the liquid phase in relation 
to the gas phase (Österlind 1951 a). Only a rather small part of the CO, 
evolved affects the pressure in the vessels, most of it being dissolved as CO, 
or HCO,~ in the solution. 

The data from the manometric determinations of the rate of respiration 
at various HCN concentrations are given in Table 1 and Figure 2. Only four 
vessels were available and therefore only three different concentrations could 
be used in one experiment due to the necessity of a thermobarometer. In 
Expt. I four concentrations were used but the two highest concentrations 
were obtained by adding further KCN to the vessels after the respiration 
rate had been determined at the two lowest concentrations. In this experi- 
ment the vessel without HCN could not be used. In Expts. II—IV the per- 
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centage rates are calculated assuming the rate of respiration in the vessel 
without HCN to be 100 °/o. In Expt. I this method could not be used due to 
the lack of this value, but the percentage rates are here calculated by 
assuming the mean value of the rates at all concentrations used in this 
experiment to be 100 °/o. The data from the other experiments seem to justify 
such a procedure. 

It is seen from Figure 2 that the rate of respiration is quite uneffected by 
all concentrations of HCN. 

The values of the nitrate absorption in the experiments are given in Table 2 
and Figure 2. In Expt. I no nitrate determinations were made. In Expt. V 
no determinations of the respiration were made. The other experiments 
were carried out in full agreement with the above description. From the 
absorbed nitrate 
consumed oxygen 
gardh (1949) has been calculated at cyanide concentrations 0—1 4M. Values 
between 2.9 and 5.3 have been obtained with a mean value of 3.7. 

It is seen from Figure 2 that nitrate absorption is inhibited to 50 °/o at about 
3-10 M HCN and to almost 100 ®/o at 10° M HCN. 


values of Expts. II--IV the quotient according to Lunde- 


Discussion 


The experiments reported in this paper show that the respiration of Scene- 
desmus quadricauda is quite independent of the concentration of cyanide 
whereas the absorption of nitrate is almost totally inhibited by low con- 
centrations (10°? M). 

In wheat roots, according to the investigations of Lundegardh, there are 
at least two different respiratory systems. One system is inhibited by cyanide 
in the same way as the anion absorption (anion respiration) whereas the 
other system is not inhibited by cyanide and not connected with anion ab- 
sorption (ground respiration). 

The differential response of respiration and nitrate absorption of the alga 
to the cyanide concentration may be due to one of the following reasons: 

1. In solutions containing no cyanide the alga uses a cytochrome-cyto- 
chrome oxidase system by means of which the anion absorption takes place. 
At cyanide concentrations of 10—° M and higher this system is inhibited, as 
is the anion absorption. Due to the presence of another, cyanide-insensitive 
system which is not used during normal conditions, the respiration can 
proceed at the same rate at high cyanide concentrations. This latter system 
is, however, incapable of stimulating anion absorption. 

2. The enzyme systems of respiration and anion absorption in the alga 
may be quite independent. The respiratory system working both under normal 
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conditions and in cyanide is insensitive te cyanide and does not stimulate 
anion absorption. The anion absorption passes through another, cyanide- 
sensitive system which has nothing to do with respiration. The energy ne- 
cessary for anion absorption may be obtained from the respiratory system. 

Concerning the significance of these experiments in the interpretation of 
conditions in wheat roots, there are two possibilities, provided that the 
assumption in point 2 is correct: 

1. Conditions in wheat roots and in Scenedesmus quadricauda are quite 
different. In wheat roots, respiration and anion absorption follow the same 
enzyme system, whereas they are separated from each other in the alga. 
The difference, however, depends not only on the fact that the anion respira- 
tion is only a small part of the total respiration of the algal cell (Lundegärdh 
absorbed anions 
consumed oxygen 
as large as 3—5 even if the »consumed oxygen» is calculated from the total 
respiration instead of from the cyanide-inhibited pari. Other and more funda- 
mental differences are, however, possible. 

2. The similar inhibition of respiration and anion absorption in wheat 
roots is due only to an accident, the two enzyme systems being equally 
inhibited by cyanide. If the anion-absorption enzyme system is less sensitive 
to the inhibitor than is the respiratory system, the same effect is also obtained 
if the absorption system receives its energy from the respiratory system 
which is most likely the case. The increased respiration and anion absorption 
in more concentrated solutions of neutral salts (Lundegärdh 1940) is then 
difficult to explain, but, on the other hand, such an increase in anion absorp- 
tion has not been obtained by Olsen (1950). 

In this connection it may be questioned whether valency changes of the 
molecules of the cytochrome system could not be counterbalanced by the 
easily movable hydrogen ions. According to the theory of Lundegardh (1950, 
p. 109) these valency changes are partly compensated for by the absorbed 
anions. 

The full explanation of the observed differences between different biological 
objects can come only from further experiments. 

The effect of the nitrate-absorbing enzyme system on other anions will be 
examined. It is possible that it also affects bicarbonate absorption. The 
algae used in the present experiments are not activated for bicarbonate assi- 
milation (Österlind 1951 b). If the nitrate-absorbing and the bicarbonate- 
absorbing enzyme systems are identical, the activation of the bicarbonate 
assimilation cannot be an activation of the bicarbonate-absorbing system but 
rather an activation of an enzyme acting on a later stage in the process of 
bicarbonate assimilation, e.g., the carbonic anhydrase. 


1940, p. 310), because the quotient (Lundegard 1949) is 
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Summary 


The respiration of the green alga Scenedesmus quadricauda is quite 
independent of the concentration of cyanide, whereas the nitrate absorption 
is almost totally inhibited by 10° M HCN. Some possible causes of the 
differences between this object and the wheat roots examined by Lundegardh 


are discussed. 


This work was aided by grants from the Swedish Natural Science Research Council 
and from the Foundation of Wenner-Gren (Wenner-Grenska Samfundet). The 
author is indebted to Mr. Lars Eric Persson for valuable technical assistance. 


References 


Darby, R. T. & Goddard, D. R.: The effects of cytochrome oxidase inhibitors on the cyto- 
chrome oxidase and respiration of the fungus Myrothecium verrucaria. — Physiol. 
Plant., 3: 435. 1950. 

Lundegardh, H.: Investigations as to the absorption and accumulation of inorganic ions. 

— Ann. Agric. Coll. Sweden, 8: 233. 1940. 

Quantitative relations between respiration and salt absorption. — Ann. Agric. Coll. 

Sweden, 16: 372. 1949. 

The translocation of salts and water through wheat roots. — Physiol. Plant., 3: 103. 

1950. 

Olsen, C.: The significance of concentration for the rate of ion absorption by higher plants 
in water culture. — Physiol. Plant., 3: 152. 1950. 

Österlind, S.: Growth conditions of the alga Scenedesmus quadricauda with special refe- 
rence to the inorganic carbon sources. — Symbol. Botan. Upsaliens., 10 (3):1. 1949. 

— . Inorganic carbon sources of green algae. III. Measurements of photosynthesis in 
Scenedesmus quadricauda and Chlorella pyrenoidosa. — Physiol. Plant., 4: 242. 1951 a. 

— Inorganic carbon sources of green algae. IV. Photoactivation of some factor necessary 
for bicarbonate assimilation. — Physiol. Plant., 4: 514. 1951 b. 

Rabinowitch, E. I.: Photosynthesis and related processes. I. — New York, 1945. 


ET 
\ 


PHYSIOLOGIA PLANTARUM, VOL. 4, 1951 
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In the present discussion on the definition of the concept of turgor pressure 
(Broyer 2, Burström 3, Kramer and Currier 4, Thoday 9), it may be of interest 
to consider which forces are engaged in expansion, contraction, and equi- 
librium in a mechanical system similar to a plant cell, by way of comparison. 
Figure 1 represents a cross section of a part of a vesicle, consisting of a thin, 
smooth, inner membrane, A, and outside of this another thin, smooth, outer 
membrane, B. For the sake of clearness a space has been left between the 
membranes. Both the membranes are assumed to be elastic and the friction 
between them during expansion and contraction is neglected. The double- 
walled vesicle is assumed to be filled with water, which can be forced in or 
out. through a valve. The expansion: is assumed to be uniform in all direc- 
tions. In the following discussion we must distinguish between 1) forces 
affecting the inner membrane and 2) forces affecting the outer membrane. 
Particular attention should be paid to 3) the pressure exerted by the inner 
membrane against the outer and 4) the pressure of the outer membrane 
against the inner, which is the reaction force of the pressure mentioned in 
3) above. 

We assume that the system is expanding. An inner force, K,, acts on the 
inner membrane (line A in figure 1) in a centrifugal direction. This force 
is counteracted by an elastic component in the inner membrane, e,, as well 
as by the pressure of the outer membrane against the inner, the centripetally 
directed p. The resulting force on the inner membrane is then K,—e,—p. 
An outer force, K,, acts on the outer membrane (line B in figure 1), in a 
centripetal direction, in addition to an elastic force in the outer membrane, 
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e,. The latter forces are counteracted by the pressure of the inner membrane 
against the outer, the centrifugally directed p. The resulting force on the outer 
membrane is K,+e,—p. The total force on both membranes, i.e., the acce- 
lerating force X, which produces the outward movement, is obtained as the 
difference between these two resulting forces: 


(K,—e,—p) — Kt px (1) 


It appears from equation (1) that the movement of the system is indepen- 
dent of p. The centrifugally directed p thus cannot be said to expand the 
system, nor the centripetally directed p to contract it. It is further evident 
from equation (1) that (K,—e,) >(K,+e,) when the system moves outwards. 
When the system moves inwards X is negative and (K,—e,)<(K,+e,). At 
equilibrium, when X=0, (K,—e,) =(K,+€,). At equilibrium, moreover, the 
resulting force acting on the inner or outer membrane is equal to zero, i.e., 
K,—e,—p=0 and K,+e,—p=90, or 


p=K,—e,=K,+e, (2) 


The conditions for a physical system outlined here are in principle applic- 
able also to plant cells. The outer membrane corresponds to the elastic cell 
wall, and the inner to the elastic protoplast. The water contained in the inner 
vesicle corresponds to the cell sap. The pressing of water in or out through 
the valve corresponds to the absorption and emission of water as a result 
of osmosis. The fact that the absorption of water on the part of the plant 
cell is due to a difference in the partial molal free energy of the solvent in 
the vacuole and outer medium is of no consequence in the fundamental 
argument. The nature of the osmotic pressure and related quantities and ihe 
reason for the water absorption can therefore be quite ignored. 

Both the cell wall and the protoplast are elastic membranes. We musi there- 
fore count with the two elastic components, e, and e,, also in the plant cell. 
The inner force, K,, which in the mechanical model consisted of a hydro- 
static pressure, is also present in the cell as a centrifugally directed hydro- 
static pressure of the cell sap against the protoplast. The outer force, Ko, 
which in the mechanical model consisted of the atmospheric pressure, is in 
an experiment with a plant cell analogous to atmospheric pressure, tissue 
pressure, and also a centripetally directed hydrostatic pressure if the cell 
is submersed in water. In the following the pressure of the inner membrane 
on the outer (the centrifugal p) will be called turgor pressure. The reason 
for this will be given further on. The turgor pressure is thus the pressure 
of the protoplast against the cell wall of the plant cell. In the same way, the 
pressure of the outer membrane against the inner (the centripetal p) is called 
the wall pressure and is analogous to the pressure of the cell wall against 
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Figure 1. The figure represents a section of a part of a vesicle consisting of a thin, elastic, 
inner membrane marked by the line A and outside of this another thin, elastic membrane 
marked by the line B. For the sake of clarity a space is left in the figure between the 
membranes. The vesicle is assumed to be filled with water which can be pressed in or out 
through a valve. With regard to the meaning of Kı, Ka, etc. see the text. 


the protoplast of the plant cell. According to these definitions turgor pressure 
and wall pressure are always equal but act in opposite directions (action and 
reaction forces) whether the system is at rest or in motion. They do not 
affect the movement. Moreover, when the system is at rest their numerical 
values are= (K,—e,) =K,+e,) in accordance with equation (2). 

As far as the plant cell is concerned, one of the quantities in equation (2) 
may be omitted along with another (for instance, e, along with K,) or, in 
many connexions, one of the forces be considered as practically constant (for 
example, K,) and therefore left out of the discussion. Such approximations 
may, however, easily cause misunderstandings in theoretical debates on 
turgor pressure and wall pressure, the significance of the turgor for the course 
of growth, etc. The author does not intend to give a comprehensive survey 
of the various definitions of turgor pressure and wall pressure, particularly 
as the terminology has recently been discussed by Meyer (5). Since, however, 
manuals and text-books can be assumed to give a representative interpreta- 
tion of current definitions of turgor pressure and wall pressure, a number of 
the more commonly used will be reviewed below. 

Meyer and Anderson (6) give the following description of the distention 
of the cell during absorption of water. »The entrance of water into the cell 
exerts a gradually increasing pressure against the protoplasm which is in 
turn transmitted to the cell wall. This pressure is called the turgor pressure 
(cf. discussion in Chap. VIII) and is the cause of the gradual distension of 
the cell. As soon as any turgor pressure is exerted against the walls of the 
cell they exert a counter pressure — the wall pressure — against the proto- 
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plasm and cell sap. The wall pressure is always equal to but acts in the 
opposite direction to the turgor pressure.» (page 145). In chapter VIII, page 
95, they state: »In this discussion, however, we shall employ the term turgor 
pressure to refer to the actual pressure developed as a result of osmosis. » 
It is evident that Meyer and Anderson (6) use the term turgor pressure in 
partly the same sense as the present author and partly in another. In the 
relation K,—e;=p, which is assumed to be valid for both movement and 
equilibrium, e, is neglected, so that K, becomes equal to p under all condi- 
tions. The turgor pressure can then be said to distend the cell, whether K, 
or p is intended. The forces (K,+e,) acting centripetally against the cell 
wall, are not mentioned in this connexion. The wall pressure, p, is therefore 
easily confused with e,, the elastic component in the wall. 

Thomas (10) says (page 75): »After turgor has been regained in a cell 
recovering from plasmolysis (p. 74), turgor pressure (T), i.e., the hydrostatic 
pressure exerted by the cell sap against the protoplast and the cell wall, 
increases upon the further endosmosis of water. This entry of water will be 
opposed, however, by the inwardly directed pressure of the cell wall. This 
pressure, which is always equal but opposite to the turgor pressure, will, 
evidently, become progressively greater as the cell enlarges (Cf. the pro- 
gressive increase in the resistance offered by a bicycle tyre to the pumping 
of air into an inner tube)». Neglecting e,, the hydrostatic pressure K, is 
identified with the centrifugally directed p, which is the pressure of the 
protoplast against the cell wall. The term wall pressure seems to be used in 
two different senses 1) to express the elastic component in the wall, es, 
which together with K, finally prevents further expansion but which is not 
numerically equal to the turgor pressure (whether the latter is equated to K, 
or K,—e,) and 2) to express the pressure of the cell wall against the proto- 
plast (the centripetally directed reaction pressure p), which does not affect 
the movement. 

Barton Wright (1) states (page 60): ». . . the hydrostatic pressme of the 
protoplasm and cell sap (which is now called the turgor pressure) is equal 
and opposite at any moment to the inward component of the tension in the 
cell wall.» K, is put equal to the centrifugally directed p with the omission 
of e,. The wall pressure is identified with e, and is said to be equal to K, 
at any moment. This is the case only at equilibrium and if e, and K, are 
neglected. 

Schumacher (8) writes (page 156): »Man nennt den in Pflanzenzellen herr- 
schenden erheblichen Innendruck, durch den der protoplasmatische Wand- 
beslag wie die Blase in einem Lederfussball gegen.die Wand gepresst wird, 
den Turgor der Zellen und spricht von einer Turgeszenz der Zellen und Ge- 
webe.» Turgor here means K,. ‘ie says about the wall pressure: »Die Zelle 
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kann also Wasser keineswegs bis zum Konzentrationsausgleich innen und 
aussen aufnehmen sondern nur so lange bis der Gegendruck der elastisch 
gespannten Zellwand, der sog. Wanddruck, einer weiteren Volumenvergrös- 
serung Halt gebietet.» By wall pressure Schumacher evidently means the 
elastic component in the wall, e,. Nothing is therefore said about the relation 
between turgor pressure and wall pressure, which with his definitions do 
not become action and reaction pressures. 

The above examples show that the denominations turgor pressure and 
wall pressure are employed somewhat diversely by different authors. As a 
rule, no distinction is made between K, (or K,—e,), and the centrifugally 
directed p. Misunderstandings are therefore apt to occur. If, for instance, e, 
and K, are neglected in equation (2) 


K;—e, —K;+e, 


which is valid at equilibrium, one obtains the expression 


K, =e, 


If now the turgor pressure is identified with K, and the wall pressure with 
e, and if these quantities are said to be always equal and of opposite direc- 
tion, one obtains a system that is always in equilibrium. In such a system 
it is naturally impossible to hold the turgor pressure (in this case K,) respons- 
ible for the distension during growth. Burström (3) noticed that the situation 
was untenable and attempted a new definition of turgor pressure as the dif- 
ference in diffusion pressure in the water of cell sap and the external medium. 

It seems advantageous, however, that 1) the denomination turgor pressure 
be reserved for an actual, centrifugally directed pressure, an interpretation 
proposed by Meyer (5), and 2) that quantities connected with the mechanism 
of the osmotic pressure are not included in the definition. In addition, 3) the 
definition should link up with the phenomenon of plasmolysis. In accordance 
with common parlance a wilted plant is said to lack turgescence or turgor 
pressure. It is obvious that of the quantities mentioned above only the hydro- 
static pressure of the cell sap against the protoplast K, or the pressure of the 
protoplast against the cell wall, p, can be considered here. Since a plasmo- 
lyzed cell still has a K,-value but a p equal fo zero, it seems suitable to define 
the turgor pressure as the pressure of the protoplast against the cell wall, 
definition that is used in certain quarters (Müller 7). 

It is commonly assumed that the wail pressure acts in a direction opposite 
to that of the turgor pressure. Furthermore the definition should most likely 
be linked up in some manner with the cell wall. Evidently, of the above- 
mentioned quantities, either the centripetally directed p or the elastic com- 
ponent of the wall, e,, can be considered. It seems to the present author as 
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if the pressure of the wall against the protoplast, p, should be best designated 
as the wall pressure. The wall pressure will then be the reaction force of the 
turgor pressure and always numerically equal to this but act in the opposite 
direction. The definition agrees with among others that given by Meyer (6) 
and the wall pressure will, as pointed out by Meyer, play a subordinate role 
in the discussion, being always equal but acting in the opposite direction to 
the turgor pressure. It is self-evident that the elastic component in the wall, 
e,, (called wall pressure by many) should therefore not be neglected. 

With the definitions of turgor and wall pressure given above one cannot 
say, as is often encountered in the literature on growth, that the turgor 
pressure distends the cell (cf. page 536). If, on the other hand, one wishes 
to keep this terminology, calling K, turgor pressure, one cannot equate the 
numerical values of turgor pressure and wall pressure except after approxima- 
tions and at equilibrium. With the former designation a plasmolyzed cell 
has the turgor pressure of zero (p=0), but with the latter it has a value 
greater than zero (K,>0). A similar argumentation holds for the wall 
pressure. 

When a system expands against an outer pressure it is often appropriate 
from a physical point of view to idealize the conditions and assume that the 
expansion occurs reversibly, i.e., that it runs through an endless number of 
stages of equilibrium, or that the difference between outer and inner pressure 
is infinitely small. From this point of view Höfler’s well known diagram of 
the state of the cell can be said to describe »the osmotic conditions of one 
cell at equilibrium» (Burström 3). Under these idealized conditions, the 
difference between K,—e, and K,+e, in equation (1) is infinitely small, that 
is to say, equation (2) can be said to be valid at practically any moment. 
Although this way of looking at the matter is an invaluable help in the 
mathematical treatment of related problems it seems nevertheless preferable 
for the sake of clarity to deal with finit differences between the inner- and 
outer pressures in formulating definitions of turgor pressure and wall 
pressure. 

The present author is greatly indebted to Dr. N. E. Fremberg at the Mathema- 
tical Institute, Lund, for his valuable help in the physical treatment of the problems 


and to Prof. H. Burström at the Botanical Laboratory, Lund, for his never failing 
willingness to discuss the physiological application of the physical principles. 


Summary 


1. Forces engaged in the expansion, contraction and equilibrium of a 
mechanical system consisting of a doublewalled vesicle filled with water, 
are analyzed. A comparison is made with a plant cell under similar con- 
ditions. 
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2. The definition of the concept of turgor pressure is discussed. It seems 
expedient to reserve the term for an actual, centrifugally directed pressure 
within the cell and not to include in the definition quantities that are con- 
nected with the osmotic pressure or its mechanism but instead link up with 
the phenomenon of plasmolysis. In agreement with these principles the 
turgor pressure is defined as the pressure of the protoplast against the cell 
wall. 

3. The definition of the concept of wall pressure is discussed. It seems 
expedient to define the wall pressure as the reaction force of the turgor 
pressure. The wall pressure thus becomes identical with the pressure of the 
cell wall against the protoplast. 

4. It is pointed out that the turgor pressure in the above sense should not 
be confused with the hydrostatic pressure of the cell sap against the proto- 
plast, nor the wall pressure as defined above with the elastic component 
in the cell wall. The consequences which may arise from the imperfect 
distinctions often seen are discussed in connection with the method of pre- 
sentation of a number of widely used text-books. 
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Molisch inferred (1924) that Nostoc spp. from liverworts were able to fix 
atmospheric nitrogen, but the result of his investigation is questionable, since 
he had no bacteria-free cultures. Nevertheless some experiments of Winter 
(1935) indicate that Nostoc muscorum from Gunnera and Cycas possess this 
property. It has also been proved that several free-living species of blue- 
green algae, mainly belonging to the Nostocaceae, are able to fix nitrogen. 
In a review by Fogg (1947) it has been supposed that this ability might be 
found among the blue-green algal component of many lichens. 

The Nostoc strain used in this investigation was isolated from Collema 
tenax (Sw.) Ach., em. Degel. collected in Vasterhejde on Gotland. 


Isolation of the pure culture 


A well-developed lobe of the lichen thallus was nipped off and carefully 
washed in sterile water. It was then crushed on a slide in a drop of nutrient 
solution, and the free Nostoc filaments picked up with a micro-pipette and 
transferred to plates of silica-gel containing mineral salts. The Petri dishes 
were placed in a photothermostat at 20° C. 14 days after the inoculation, a 
very great number of Nostoc colonies were visible. Some of these were trans- 
ferred to a new plate and later to Erlenmeyer-flasks containing nutrient 
solution. The medium used for the silica-gel plates and the flasks was that of 
Bristol, slightly modified (K,HPO, 0.5 g., NaNO, 0.5 g., MgSO, 0.15 g. 
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CaCl, 0.05 g., NaCl 0.05 g., ferric citrate 0.01 g., citric acid 0.01 g. and glass 
destilled water 1000 ml., pH about 7.5). 

Comparative isolations of Nostoc from Collema tenax collected at other 
localities have given similar cultures. 

A bacteria-free culturz was obtained by means of ultraviolet rays from 
a Hanau mercury vapour lamp. The procedure was performed mainly 
according to the description by Bortels (1940). The filaments of this Nostoc 
strain often from small globules which cannot be shaken to pieces. There- 
fore, prior to illumination it was necessary to rub the alga between two slides. 
100 ml. flasks of quartz glass were used, containing 2.5 ml. sterile nutrient 
solution. Bacteria-free cultures were obtained in those flasks which had been 
illuminated for 3 and 3.5 minutes. A preliminary test was made in a medium 
containing 0.5 per cent dextrose, 0.2 per cent yeast-extract and 0.2 per cent 
bacteriological peptone. In addition, the cultures were tested with the fol- 
lowing media: 


a. bacto-casaminoacids 0.05 per cent, peptone 0.05 per cent, starch 0.05 
per cent, K,HPO, 0.05 per cent and agar 1.5 per cent. 

b. Medium 77 according to Fred and Waksman (1928) for nitrogen fixing 
bacteria. Traces of molybdenum were added. 

c. Medium 52 according to Fred and Waksman (1928) for nitrifying 
bacteria. 

d. Brewer’s medium for anaerobes (Brewer, 1940). 


Nitrogen fixation by the alga in a nitrogen-free medium 


The nutrient solution described above was used, but the sodium nitrate 
was excluded, and 0.00025 g. sodium molybdate per liter was added. 125 ml. 
Pyrex-flasks contaning 50 ml. nutrient solution were inoculated. In order to 
obtain a uniform suspension of the inoculum, the material was filtered through 
glass wool according to Fogg (1944). In spite of this the growth obtained 
was rather unequal. During the time of growth the flasks were kept in a 
photothermostat at 20° C and a light intensity of about 2000 lux. The nitro- 
gen content of the solution, as well as that of the alga was determined by 
means of the titrimetric micro-Kjeldahl method described by Hiller, Plazin 
and van Slyke (1948). The analyses were made about three weeks after the 
inoculation. No trace of senescence was visible in the alga at that time, and 
the soluticn was uncoloured. Because of the small amount of nitrogen in the 
solution, the medium in 5 or 10 flasks, which had contained about the same 
amount of alga, was boiled down to about 50 ml. together with the conc. 
sulphuric acid. The digestion was made in 100 mi. Kjeldahl flasks. All the 
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Nitrogen given off by the alga 


to the medium in mg. 


Dry weight in mg. 


25 50 75 100 125 150 


Fig. 1. Amount of nitrogen in medium, as determined by analysis, plotted against the dry 
weight of the alga, expressed in mg. per liter medium. 


samples contained more than 0.2 mg. nitrogen. The results expressed per 
liter medium are given in the diagram. (Figure 1.) Control analyses of 
uninoculated flasks were made, but no measurable values of nitrogen were 
obtained. 

The amount of nitrogen in the alga was determined as 7.6+0.5 per cent 
(the result of ten analyses), which indicates that between 19 and 28 per cent 
of the nitrogen fixed is given off to the medium. 


Summary 


A bacteria-free, symbiotic Nostoc strain from Collema tenax (Sw.) Ach., 
em. Degel. has been shown to possess the property of fixing atmospheric 
nitrogen in a nitrogen-free medium. About a fourth of the nitrogen fixed is 
given off to the medium. 


The author wishes to express her indebtedness to Dr. G. Degelius, Uppsala, who 
collected and determined the material. 
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It has long been known that in many woody species there is a close con- 
nection between the initiation of cambial activity and the expansion of the 
buds in the spring. The evidence from earlier observations has been reviewed 
by Antevs (1917), Coster (1927, 1928), and Priestley (1930). The main evidence 
may be summarised briefly as follows: 


1. There is, in general, a close correlation in time between bud-break and 
the initiation of cambial activity in the spring. 

2. In many woody species, the initiation of cambial activity commences 
immediately below the buds and then spreads in a basipetal direction 
down the branches and trunk. 

3. If shoots of various woody species are debudded, then usually no cambial 
activity occurs in the treated shoots. 

4. If a ring of bark is removed from a shoot, there is no cambial activity 
below the ring. 


Thus, the view has come to be generally accepted that the initiation of 
cambial activity after a period of dormancy is dependent upon the presence 
of expanding buds. The significance of this relation became apparent when 
it was shown that cambial activity is stimulated by auxin (e.g. Snow, 1935; 
Söding, 1936; Gouwentak, 1936) and that the unfolding buds are rich sources 
of auxin (Zimmermann, 1936), which moves downwards from the apical 
regions by ‘polar’ transport. Thus, the initiation of cambial activity appears 
to depend upon the production of free auxin by the expanding buds (Söding, 
1936; Avery, Burkholder and Creighton, 1937). 


[546] 
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Nevertheless attention has been drawn (Priestly, Scott and Malins, 1933; 
Priestley and Scott, 1936) to the existence of certain differences between ring- 
porous and diffuse-porous species with respect to the initiation of cambial 
activity. Thus, Priestley and Scott (1936) observed that in diffuse-porous 
trees the resumption of growth in the trunk progresses basipetally from the 
expanding buds comparatively slowly, so that there may be a considerable delay 
between the initiation of radial growth in the twigs and that in the base of 
the trunk. In ring-porous trees, on the other hand, there is a rapid resumption 
of secondary growth throughout the trunk at an early stage of development 
of the buds. The early, rapid initiation of cambial activity throughout the 
trunk was reported by earlier workers for various species, including Fraxinus 
excelsior, Quercus spp. (se Antevs, 1917; Biisgen, 1931) but the connection 
with the ring-porous habit was not recognized. 

Now since cambial activity is generally found to be-associated with active 
leaf-development, the almost simultaneous initiation of cambial activity 
throughout all parts of the shoot, at a very early stage of development of the 
buds, clearly presents problems of considerable interest. 

A series of debudding experiments was, therefore, carried out with the 
ring-porous species Fraxinus excelsior, Quercus robur, Robinia pseudacacia 
and Castanea sativa, to test whether the presence of buds is, in fact, necessary 
for the initiation of cambial activity in these species. In addition, a number 
of experiments were carried out with the diffuse-porous species, Acer pseudo- 
platanus and Tilia europaea, for purposes of comparison. Although debudding 
experiments of this type have been carried out many times in the past, no 
special comparison of the effects of debudding on ring-porous and diffuse- 
porous species appears to have been made previously. 

A preliminary report of these experiments has already been published 
(Wareing, 1950). The experiments in 1950 were carried out on trees growing 
in the grounds of Bedford College, London, while those in 1951 were carried 
out at Manchester University. 


1. Effect of debudding on cambial activity in ring-porous species 
Fraxinus excelsior 


The experiments with F. excelsior were carried out on trees growing in the 
open, and also on seedling trees in a greenhouse. In the first experiment, 
three 10—12 year old trees were decapitated at approximately 3 metres from 
the ground on 3rd April 1950. The trees bore no large branches below the 
point of decapitation and all smaller branches and twigs, together with any 
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Figure 1. Transverse section from basal 
region of stem of debudded tree of 
Fraxinus excelsior, showing the forma- 
tion of new vessels and fibre initials. 


buds on the trunk, were removed. Three similar trees were selected as ’con- 
trols’ and allowed to remain intact. 

By means of a saw and chisel, small blocks were removed from each tree 
at a height of approximately one metre from the ground at 7—10 day inter- 
vals. Sections were cut from these blocks on a sliding microtome, stained in 
safranin and light green, and mounted in Canada balsam. 

Samples taken on 3rd April showed no cambial activity in any of the 
experimental trees, and there was no sign of swelling of the buds. Samples 
examined on 27th April, however, showed that the formation of a new ring 
of wide vessels had commenced throughout the trunk in both decapitated 
and ’control’ trees. Expansion of the buds of the ’control’ trees was pro- 
ceeding on this date. In the debudded trees small buds on the trunk which 
had remained dormant for several years previously showed signs of swelling, 
but were at a very early stage of development, at this date. These buds, 
together with other adventitious buds which appeared subsequently, were 
removed regularly as soon as they appeared. There was no detectable dif- 
ference in the amount of secondary growth between the two series of trees, 
and cambial activity continued in both series for several weeks, but by 
3lst May further radial growth in the decapitated trees appeared to have 
ceased, since the zone of new wood showed little or no increase in width 
after that date, whereas secondary growth was still continuing actively in 
the ’control’ trees. The new secondary growth shown by the decapitated 
trees included not only the initial ring of wide vessels, but also a zone of 
intervening tissue (Figure 1), which normally would constitute fibre and 
medullary-ray initials, but which remained unlignified in the decapitated 
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Figure 2. Transverse section from base of debudded seedlings of (a) Fraxinus excelsior, 
and (b) Robinia pseudacacia, showing formation of new vessels (X 110). 


trees, except near the wide vessels. Most of the vessels showed normal ligni- 
fication. 

Since the date of debudding in the above experiment preceded the initia- 
tion of cambial activity and swelling of the buds by only three weeks, so 
that the possibility existed that the buds were no longer ’physiologically’ 
dormant at the time of removal, a similar experiment was carried out in 
1951, but the trees were debudded on 19th February, on which date any 
’awakening’ of the buds prior to unfolding was precluded. Nevertheless, 
cambial activity was again initiated simultaneously in late April in both 
debudded and intact trees. 

In the foregoing experiments debudding was effected by removal of all 
branches, leaving only the trunk, since the trees were so large as to render 
impracticable the individual removal of each bud. In a further experiment, 
however, younger trees (4—5 years old) were used, from 5 of which all buds 
were removed individually on 30th March 1950, but all twigs and branches 
were allowed to remain. Five similar young trees were allowed to remain 
intact as ’controls’. Sections were cut from all trees at various levels on 15th 
May, when it was found that a new annual ring had been initiated in both 
series thoughout the tree, but in the debudded trees both the number and 
size of the new wide vessels was greater at the base of the stem than in the 
first internodes of the twigs, in which the wide vessels were very narrow 
and few. 

Since the foregoing observations were restricted to relatively few experi- 
mental trees growing in the open ground, confirmatory experiments were 
carried out using a larger number of 2—3 year old seedlings under more 
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Table 1. Number of vessels in initial zone of annual ring in Fraxinus excelsior 
(as seen in transverse section). 


| Mean number 
| Series. Date. of vessels 

| (5 plants) 
(1) Debudded | 20th April 17.8 
(2) Debudded | 6th May 20.2 
(3) Control 20th April 42.2 


uniform conditions. The seedlings were planted in boxes in January, and 
at the same time 20 seedlings were completely debudded, while others were 
allowed to remain intact. The plants were brought into a warm greenhouse 
on 5th March. Sections cut from 5 debudded plants on 3rd April showed that 
cambial activity had commenced in only two plants. Further batches of 
plants were sectioned on 20th April, 5th May and 28th May respectively, 
and it was found that all of the remaining 15 debudded plants so examined 
showed a well developed ring of wide vessels at the base of the stem. The 
total amount of secondary growth, however, was relatively less than in the 
older trees of the previous experiments, there being very little formation of 
fibre-initials (Figure 2a). Cambial activity had also occurred in the upper 
internodes, but again was less than at the base of the stem. Sections were 
also cut from ’control’ plants in which the buds had expanded. By counting 
the wide vessels seen in transverse section in both series of plants, it was 
found that the number of vessels in the initial zone of the annual ring was 
much greater in the ‘control’, than in the debudded, trees. (Table 1). There 
was very little further formation of new vessels in the debudded trees after 
20th April (Table 1), but the new annual ring continued to develop rapidly 
in the control trees after this date. Sections were also cut from the main 
root of both series of plants, and it was found that the zone of new wide 
vessels extended for a distance of several centimetres into the upper part of 
the root, but did not extend into the portions of diameter less than approxi- 
mately 0.5 cms. 


Quercus robur 


A series of experiments comparable with those described above for F. excel- 
sior was also carried out with young trees of Quercus robur growing in the 
open, and with seedlings planted in boxes. 

The buds were removed individually from five 7-year old trees on 2nd 
April, 1950. Five similar trees were selected as ‘controls’ and were allowed 
to: remain intact. The buds of the ’control’ trees broke dormancy in early 
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May and small adventitious buds appeared on the debudded trees, but were 
removed regularly. On 30th May samples were taken for sectioning at various 
levels of both debudded and control trees. It was found that a new annual 
ring had been formed at the base of the stem in both series of trees, but in 
the twigs and branches new secondary growth was only slight or entirely 
absent in the debudded trees, but was active in the control trees. Thus the 
greatest difference between the two series of trees was found in the apical 
portions. 

These observations were entirely confirmed in a similar experiment carried 
out at Manchester in 1951, with young trees which were debudded on 17th 
March. 

Observations were also made on the effect of debudding 1-year old oak 
seedlings, using the same procedure as that already described for seedlings 
of F. excelsior, viz, the seedlings were planted in boxes, debudded in January 
and brought into a warm greenhouse on 5th March 1951. On 6th of May 
sections were cut from 10 debudded plants at three different levels. All the 
debudded plants showed cambial activity, but as with F. excelsior, it was 
found that the new vessels were more numerous at the base than in the 
upper part of the stem, and that the formation of wide vessels extended into 
the root. The density of new wide vessels, as seen in transverse section of 
the stem base, was very much less than in the debudded older trees, and in 
some seedlings was restricted to a few isolated, single vessels. 


Castanea sativa and Robinia pseudacacia 


Six 1-year seedlings of Castanea sativa, were planted in a box, debudded 
and brought into a warm greenhouse on 6th February 1951. Sections cut on 
23rd March showed that new wide vessels had been formed in all seedlings. 
Similar results were also obtained with 6 debudded 1-year seedlings of 
Robinia pseudacacia (Figure 2b), in which new wide vessels could also be 


traced into the roots. 


2. Debudding Experiments with Diffuse-porous Species 


In the first experiment, the branches were removed from three 10—12 year 
old trees of A. pseudoplatanus, leaving only the main trunks, from which 
all visible buds were carefully removed. Three similar trees were selected 
as controls and allowed to remain intact. Sections of sample blocks taken on 
3rd April, 1950 showed that there was no cambial activity, although slight 
swelling of the buds was already visible on that date. Further samples were 
taken at 10-day intervals. Adventitious buds developed at the old leaf scars 
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of the debudded trees, and were removed as soon as they appeared. By 
taking samples for sectioning from various heights and also by means of the 
cambial ’strip’ method (Priestly, Scott and Malins, 1933) it was possible to 
trace the gradual basipetal movement of new secondary growth from the 
upper parts of the trunk to the base of the ‘control’ trees. By 3ist May, 
cambial activity could be detected throughout the trunk of the ’control’ trees, 
but on this date no cambial activity was found in the debudded trees and 
continued observations showed that there was still no secondary growth 
several weeks later. 

In similar debudding experiments carried out at Manchester in 1951, both 
with older trees growing in the open and with 1-year old seedling trees grown 
in pots, it was invariably found that there was no cambial activity in de- 
budded trees. (The blocks for sectioning were taken at random during these 
observations. Some cambial activity was found immediately below larger 
adventitious buds — see Section 4 below). 

Debudding experiments carried out with young trees of Tilia europaea 
growing in the open gave the same results. Thus, the effects of debudding 
trees of A. pseudoplatanus and T. europaea contrasted markedly from those 
observed in F. excelsior and other ring-porous species. 


3. The Origin of the Cambial Stimulus in 
Debudded Ring-porous Trees 


It is well-established, at least for certain diffuse-porous species, that the 
initiation of cambial activity occurs beneath the expanding buds and travels 
in a basipetal direction from there (see, for example, Priestly, 1930). Detailed 
observations dealing specifically with the early movement of the cambial 
stimulus in ring-porous species do not appear to be available, however. 

Now since cambial activity occurred throughout the trunk in debudded 
and decapitated trees of ring-porous species in the foregoing experiments, 
it was not clear whether there was any movement of the cambial stimulus 
from specific ’foci in such trees, or whether wide vessels were initiated 
independently at all points. In order to obtain evidence on this problem, the 
following ’ringing’ experiment was carried out. 

Five trees of F. excelsior, approximately 15 years old, were ‘ringed’ by 
removal of the bark at position approximately 80 cms. above the ground on 
28th March 1951. The ’rings’ were approximately 5 cms. in width, and in 
two trees a narrow ’bridge’ was allowed to remain across the ring. One of 
the trees completely ringed and one with a ‘bridge’ were decapitated and 
debudded, while the other trees were allowed to remain intact. Blocks were 
taken for sectioning from various levels of each tree. On 25th May it was 
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Figure 3. (a) Origin of new vessels from position of a leaf-scar below a ’ring’ in Fraxinus 

excelsior (X 2). (b) One-year debudded shoot of F. excelsior, showing new vessels. Some 

of these vessels have originated from a higher node, while others can be seen arising 
from the node illustrated, especially in the region of the old leaf-traces (X 2). 


found that abundant cambial activity had occurred above the ring, and also 
below the bridge, in both decapitated and intact-trees. Samples taken a few 
centimetres below the ring showed no cambial activity, regardless of whether 
the trees were debudded or not. Sections taken some distance below the ring 
did show renewed cambial activity, however. By taking samples from various 
levels below the ring, it was found that the highest position at which cambial 
activity could be observed always corresponded with an old leaf-scar, from 
which an adventitious bud had been removed. This observation was con- 
firmed by peeling the bark and allowing the surface of the wood to dry out, 
when the new wide vessels could easily be seen against the smooth surface 
of the summer wood of the previous season (Figure 3 a). It was found that 
the highest point to which wide vessels could be traced always corresponded 
with a bud position and that the distance below the ring at which cambial 
activity first appeared, depended upon the position of the uppermost adven- 
titious. bud. No difference was found between the intact and debudded trees 
with respect to cambial activity below a ring. Where a ‘bridge’ had been 
allowed to remain across the ring, the convergence of the vessels towards 


36 


554 P. F. WAREING 


the bridge on the upper side and their divergence on the lower side, as 
reported by various authors (e.g. Brown, 1936) was very clearly marked, in 
both the debudded and the intact tree. 

These results show clearly that the cambial stimulus moves in a basipetal 
direction in F. excelsior and is stopped by a ring. Renewed cambial activity 
may occur also some distance below a ring, however, and appears to arise at 
the position of an adventitious bud, although this may have been removed 
at an early stage. 

Further evidence in support of these conclusions was provided by the 
following experiments, using isolated pieces of stem. 

Three strong 3-year old branches of Fraxinus were cut up into lengths 
of 25—30 cms. on 5th March, and the thicker pieces (of diameter 2.5 cms. 
or more) were placed in a glass tank lined with wet blotting paper and stored 
in a cold-room at 0° C for further use as required. Since only older portions 
of the branches were used, there were very few visible buds present, and 
these were removed, together with any lateral twigs. 

On 28th April, several pieces of stem were removed from storage and 
brought into a warm room, where they were allowed to stand in jars, with 
the base in 2—3 cms. of tap water. After approximately two weeks, adven- 
titious buds began to appear at some of the old leaf-scars and were removed 
while still only a few millimetres in diameter. After six weeks samples were 
removed from each piece for sectioning, both at the base (above the water 
level) and at the upper end. It was found that sections cut from the basal 
end showed a ring of wide vessels, but cambial activity was less frequent 
in sections cut from the upper end. Further samples were therefore taken 
from various levels, and it was found that in the upper portion, above the 
uppermost leaf-scars, there was no cambial activity, but that there was 
always cambial activity below a leaf-scar at which an adventitious bud had 
developed. The origin of wide vessels from a bud position was very clearly 
shown when the bark was peeled off and the wood allowed to dry out as 
described in the previous experiment. The wide vessels could then be seen 
as strips running from the bud position to the base (Figure 4). Owing to the 
decussate leaf-arrangement the distance between the top of the piece and 
the first bud position in some case amounted to as much as 20 cms., but 
the stem sector above such scars remained entirely free from wide vessels. 

The results of this experiment are clearly in agreement with those of the 
‘ringing’ experiment, and indicate that cambial activity only arises in rela- 
tion to an adventitious bud, and moves in a basipetal direction. 

In order to obtain confirmation of these results six further pieces of stem 
were removed from cold storage on 11th June and brought into a warm 
room. The bark was ringed at a distance of several centimetres below each 
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Figure 4. Diagram illustrating the origin 
of new vessels from leaf scars in iso- 
lated stem pieces. 


pair of leaf scars. The surface of the wood was thoroughly scraped and 
covered with vaseline. Each piece was placed with its base in water and 
covered with a bell-jar lined with wet blotting paper. 

Adventitious buds appeared at several of the leaf scars in a few days and 
were removed immediately. Samples taken for sectioning 10—12 days from 
the commencement of the experiment showed that where adventitious buds 
had appeared the formation of wide vessels had already occurred below such 
leaf-scars. Where no adventitious buds had yet developed there was no cam- 
bial activity. In a few cases, a slight swelling beneath the leaf-scar had 
resulted in the cracking of the bark, but no bud had yet emerged; sections 
taken from below such a leaf-scar showed a few wide vessels at an early 
stage of development. 

From these observations it appears that the development of wide vessels in 
debudded stems is associated with the growth of adventitious buds, and that 
this occurs at a very early stage of development of the latter. 

Active callus formation occurred at both the upper and lower edges of the 
‘rings’. Sections taken immediately below the ring showed that there was 
some cambial activity which had resulted in the formation of unlignified, 
parenchymatous tissue, but there was no sign of any vessels. On the other 
hand, sections of the tissues immediately above a ring, showed that in addi- 
tion to unlignified parenchymatous tissue, a considerable number of vessels 
had been formed, and which extended for a distance of less than 1 cm. 
upwards from the ring. These vessels were clearly distinguishable from 
normal wide vessels in that a number were grouped together to form multiple 
strands, whereas normally the vessels (as seen in transverse section) occur 
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singly or in pairs. Irregular ’nodes’ consisting of many vessels also occurred 
at intervals along the strands. Vessels of this type were formed independently 
of any adventitious bud growth above the ring. 

The occurrence of vessels above, but not below, a ring agrees with the 
observations of Brown (1937) on wound responses in Populus balsamifera. 
Since no vessel formation had occurred as a wound response from the lower 
edge of the ring in the above experiment, it seems clear that the occurrence 
of vessels below the position of an adventitious bud was not simply a wound 
response resulting from the removal of the bud. 


4. The comparative effects of debudding in ring-porous 
and diffuse-porous species 


The results of the experiments described in the preceding section strongly 
suggest that in debudded shoots of ring-porous species, the initiation of wide 
vessels is caused by the development of adventitious buds, and that even the 
very early stages of growth of such buds are sufficient to evoke a marked 
cambial response. 

Since, however, adventitious buds were produced with equal frequency by 
the diffuse-porous species A. pseudoplatanus and T. europaea, in which no 
cambial activity was obtained, it became necessary to re-examine the nature 
of the difference in response between the two types. 

In the first place a study was made of the origin and distribution of wide 
vessels in debudded shoots of F. excelsior. Three young trees from which 
the buds had been removed individually on 19th February were used for 
this purpose. The trees were cut off at the base and brought into the labora- 
tory on 21st May by which date very few adventitious buds had been pro- 
duced. Nevertheless, sections cut from the base of each tree showed the 
formation of new wide vessels was proceeding. By peeling off the bark and 
allowing the exposed wood surface to dry, the new wide vessels could be 
seen clearly. In one tree wide vessels extended to the top of the first internode, 
where a small amount of adventitious growth had occurred. In the other two 
trees, in which it had already been found from the sections that cambial 
activity was lacking in the uppermost internodes, it was seen that the highest 
points at which new vessels occurred were the 8th or 9th nodes, where 
vessels could clearly be seen arising from the bud positions and where some 
adventitious bud growth was known to have occurred. By careful observation 
it was possible to trace the path of the vessels arising from these points in 
the internodes below. Owing to the decussate arrangement of the leaves, the 
distribution of the vessels in the internode below was confined to sectors 
immediately below the buds, while the remaining sectors of the internode 
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were devoid of wide vessels (as described for the isolated stem sections 
above). At the next node, the majority of the vessels descending from above 
could be seen to pass between the buds at this position to the second node 
below, (Figure 3b) where again the majority could be seen to pass by the 
buds, and continue their downward course. In this way it was possible to 
trace the unbroken path of vessels for at least 30—40 cms. and in some cases 
for 50—60 cms. The distribution of vessels at the lower nodes was found to 
be variable. In many cases it could be seen that new vessels arose at these 
bud positions, (Figure 3b) although in several cases no adventitious buds 
had emerged, but cracking of the bark indicated that some swelling had 
occurred. In other cases, there was an area free from wide vessels, imme- 
diately below the bud position, indicating that no new vessels had arisen at 
that point. In older parts of the trunk, the wide vessels descending from the 
upper portions frequently ran directly across an old bud position. 

An increase in size and number of vessels at the base of the stem as com- 
pared with the apical portions, was obvious from direct inspection and was 
thus in agreement with the observation described in Section 1. This increase 
in the number of vessels was no doubt due partly to the fact that at each 
node the number of vessels descending from the upper portions was fre- 
quently augmented by new vessels arising from the buds at that node. 
Frequent anastomoses between vessels were observable however, and it is 
possible that in passing down the stem the number of vessels was increased 
by ’division’, as well as by the initiation of new vessels by adventitious buds. 

By peeling the bark of debudded shoots of Q. robur, a similar pattern of 
vessel development could be traced. 

Since the growth of dormant and adventitious buds had apparently caused 
marked secondary growth in debudded trees of F. excelsior, the debudded 
trees of A. pseudoplatanus and T. europaea, in which adventitious buds had 
been formed to a similar extent, were re-examined. Sections cut from posi- 
tions immediately below the nodes of these latter trees showed that where 
there had been little or no bud growth there was no cambial activity. Where 
the larger buds had grown out, however, a small amo int of secondary 
growth, in the form of isolated vessels, could be detected for a few centi- 
metres below the buds in A. pseudoplatanus. In a few cases these vessels 
could be traced for a distance of 10 cms., but in the majority of such cases 
these vessels did not extend far as the next node below. In T. europaea, no 
secondary growth was detectable below the buds, unless these had grown out 
to a length of several centimetres. Thus, in these two species, although the 
growth of adventitious buds had lead to some cambial activity, the number 
of vessels so formed was fewer. and they were much shorter in length than in 
Fraxinus, so that the effects of successive nodes were not cumulative in 


558 P. F. WAREING 


passing down the stem. Hence in A. pseudoplatanus and T. europaea by 
taking sections away from the immediate vicinity of adventitious buds, no 
cambial activity was detectable. On the other hand, at the base of debudded 
trees of F. excelsior and Q. robur there was abundant cambial activity, which 
apparently originated from the growth of small adventitious buds at a much 
higher level. 


Discussion 


The experiments described above clearly indicate a fundamental difference 
between the ring-porous and the diffuse-porous species in question, in their 
response to debudding. In debudded ring-porous species the formation of 
wide vessels proceeded actively throughout all parts of the trunk and even 
in the upper parts of the root. In the diffuse-porous species, on the other 
hand, cambial activity was restricted to the formation of a few isolated 
vessels, which extended for only a short distance. In both types of species, 
the formation of new vessels appeared to originate from adventitious buds 
which were stimulated to growth by the debudding operation. It is difficult 
to make any sirict comparison between the amount of adventitious bud 
development in the respective species, but at the time cambial activity first 
became apparent in debudded trees of F. excelsior, the development of adven- 
titious buds was very slight, and was certainly exceeded by the total amount 
of adventitious bud growth occurring in debudded trees of A. pseudoplatanus. 
Moreover, the experimental trees of both these species were of comparable 
size. The difference in response appears to lie primarily in the fact that, in 
ring-porous species, (1) the initiation of wide vessels may be stimulated by 
quite small buds at a very early stage of development, and (2) the vessels 
so formed extend for very considerable distances. 

These conclusions regarding the basis of the observed difference in response 
between ring-porous and diffuse-porous species are supported by many earlier 
observations. The formation of wide vessels throughout the trunk at a very 
early stage of development of the buds was reported for Quercus (Hartig, 
1857), Fraxinus (Coster, 1928; Chalk, 1927), Robinia (Strasburger, 1891) 
and other ring-porous species. The formation of very long vessels in Q. pe- 
dunculata and R. pseudacacia was demonstrated by Strasburger (1891), 
whereas the vessels of diffuse-porous species are, in general much shorter 
(see Czapek, 1907; also Priestley and Scott, 1936). Nevertheless, these earlier 
workers do not appear to have recognized that the early and rapid spread 
of cambial activity throughout the tree is characteristic of ring-porous species 
as a class, and the first clear statements of this generalisation appear to have 
come from Priestley and Scott (see p. 547 above). The failure to make the 
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distinction between the behaviour of the two types of species may partly 
account for the conflicting results obtained in debudding experiments by 
earlier workers (see Coster, 1927). The results of the present experiments 
provide further evidence of the marked differences between ring-porous and 
diffuse-porous species with respect to cambial initiation. 

It is of interest to consider the implications of these results, in the light 
of recent knowledge regarding the role of auxin in controlling cambial 
activity. If we accept the view that in all woody species the initiation of 
cambial activity is dependent upon the production of auxin in the growing 
buds, it is difficult to explain the pattern of cambial initiation found in both 
normal and debudded ring-porous trees, unless we postulate that the buds 
of ring-porous species attain a high level of auxin production at a relatively 
much earlier stage of development than do the buds of diffuse-porous species. 
The observations of Zimmerman (1936) on the auxin content of buds of 
various woody species (including Q. pedunculata, F. excelsior and A. pseudo- 
platanus) at successive stages of development, give no evidence of any such 
difference between the two types of species (although this aspect was not 
specifically investigated). An alternative explanation is provided by the hypo- 
thesis of Söding (1936, 1940), namely, that once activity has been stimulated 
in the cambium by auxin from the buds, the cambium itself produces auxin, 
which in turn stimulates further divisions. In this way, the effect of a small 
initial quantity of auxin becomes multiplied many times. Although this hypo- 
thesis would account for the stimulation of cambial activity by only slight 
bud growth, it does not provide an explanation of the difference in behaviour 
between ring-porous and diffuse-porous species in this respect. The following 
considerations appear to have a bearing on this problem, however. 

‘The very active production of wide vessels in debudded trees was associated 
with the earliest stages of development of adventitious buds. After this initial 
surge’, however, cambial activity in the debudded trees soon ceased, although 
the production of adventitious buds continued actively for many weeks. This 
suggests that the stimulation of cambial activity by the buds is dependent 
upon the supply of some substance, a reserve of which is present in the 
initial stages of the breaking of dormancy, but which is soon exhausted in 
debudded trees. We may postulate, therefore, that in ring-porous trees a 
reserve of some auxin-precursor is present, which is available at the time of 
emergence from dormancy. 

Further evidence of a high initial supply of auxin in ring-porous species 
is provided by the fact that the first-formed vessels are the widest. Now 
there is good evidence that the formation of wide vessels is dependent upon 
a high auxin supply, since the formation of spring wood’ normally ceases 
when extension growth ceases, (Antevs, 1917; Priestley, 1930) and premature 
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cessation of vessel formation may be induced experimentally by removing 
the apical regions of the growing shoot (Coster, 1928). Thus, the fact that in 
ring-porous species the first vessels are the widest, again suggests a high 
initial reserve of auxin. 

The fact that the same pattern of cambial initiation is shown in debudded 
trees and in isolated stem pieces, as in normal ring-porous trees, indicates 
that this reserve of auxin precursor is not confined to the apical buds, but 
is available also to dormant and adventitious buds developing from lower 
positions. Indeed, the very rapid initiation of cambial activity over great 
distances, suggests that auxin, in either a ’free’ or inactive form, is already 
present in the cambium throughout the tree on emergence from dormancy. 
This hypothesis would also account for the observation of Priestley, Scott 
and Malins (1935) that all the cells of developing vessels in ring-porous 
species are found to be at the same stage of differentiation throughout a 
distance of several metres, whereas if cambial initiation is dependent upon a 
basipetal movement of auxin from the buds, a gradient in development might 
be expected. 

Thus, it is suggested that the mechanism postulated by Söding may be 
operative, but that the peculiar features of cambial initiation in ring-porous 
species are due to the presence in the cambium of a high initial reserve of 
an auxin-precursor. It will be seen that this hypothesis provides an explana- 
tion of the association of a characteristic pattern of cambial initiation with 
the ring-porous habit. Presumably, in ring-porous species this reserve of 
auxin-precursor is accumulated during the previous season, whereas in 
diffuse-porous species little or no such reserve is formed. 

In certain respects the pattern of cambial initiation in conifers appears to 
resemble that of ring-porous Dicotyledons, in that there is initiation of cam- 
bial activity throughout the trunk at an early stage of development of the 
buds (see Antevs, 1917; Priestley, Scott and Malins, 1933). Although the 
response of evergreen conifers to debudding is modified by the presence of 
the needles of the previous season, it is of interest to note that on the basis 
of his experiments with Pinus strobus Münch (1938) arrived at conclusions 
somewhat similar to those stated above, viz. that although cambial activity 
is stimulated by the production of auxin from the growing buds, this is 
apparently not the only source of auxin, which may also be produced by the 
old needles or by the cambium itself in debudded trees. Evidence that spring- 
wood formation in Pinus is associated with a high auxin level has been 
obtained by Fraser (1949). 


GROWTH STUDIES IN WOODY SPECIES IV 561 


Summary 


1. When trees of the ring-porous species Fraxinus excelsior, Quercus 
robur, Robinia pseudacacia, and Castanea sativa are debudded, abundant wide 
vessels are found throughout the trunk, and are more numerous at the base 
than in the apical portions. 

2. Debudded trees of the diffuse-porous species Acer pseudoplatanus and 
Tilia europaea show no cambial activity, except for a short distance below 
strong adventitious buds. 

3. By means of ’ringing’ experiments and observations on the origin of 
the vessels it is shown that the cambial stimulus in debudded ring-porous 
trees arises from adventitious buds, and that vessels are developed at a very 
early stage of development of these buds. 

4. The difference between ring-porous and diffuse-porous species in their 
response to debudding is due to the fact that small amount of bud growth 
leads to the stimulation of vessel development over considerable distances 
in ring-porous species, whereas in debudded diffuse-porous species the cam- 
bial activity stimulated by the early development of the buds is very slight. 
These conclusions agree with observations on the differences between the two 
types of species with respect to cambial initiation under normal conditions. 

5. It is suggested that the characteristic pattern of cambial initiation in 
ring-porous species is due to the presence in the cambium of a reserve of 
auxin-precursor, which makes possible the rapid spread of wide-vessel forma- 
tion throughout the tree, at an early stage of development of the buds. 
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It has earlier been shown in publications concerning research on anti- 
biotics carried out at this Institute that fungi belonging to the genus Maras- 
mius produce antibiotic substances when cultivated under appropriate con- 
ditions (Melin, Wikén and Oblom 1947, Bendz, Wallmark and Oblom 1948). 
In a brief account (Oblom 1950), the favourable influence of sodium citrate 
upon antibiotic production in Marasmius urens was reported. A more detailed 
investigation of the effect of organic acids upon the formation of antibiotic 
substances in this fungus will be given in this paper. 

The experiments were carried out with a strain of Marasmius urens (Bull.) Fr. 
[=M. peronatus (Bolt. ex Fr.) Fr.], isolated by Lindeberg who also investigated the 
nutriticnal requirements of this fungus in his monograph on the genus Marasmius 


(Lindeberg 1944). 
In the present investigation, however, the author found that a modification of 


the Czapek-Dox substrate, the composition of which is given below, proved to be 
the best medium. 


INTC OSM Sree 2 ee let ie ve 40 g MOTS OEM Ts Oram. crear 0.5 g 
PRCRPERECI SEN) eg SPAS ECS en Lig ResSO psi EL On anne 0.01 g 
BIEL) N Ban ee es à 1 g anebim Heer 40 ug 
IE) ee N NE 0.5 g distilled water to 1000 


1 a casein digest made by Vitrum, Sweden, containing 11.7 per cent total nitrogen. 


The flasks — 100 ml Jena or 125 ml Pyrex — were inoculated with floating 
inocula and incubated at 25° C. The cultures were harvested in the usual manner. 
The dry weights were then determined and the culture fluid tested for pH, and for 
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Table 1. Influence of the addition of dicarboxylic acids to a casein digest medium with 
Marasmius urens. Mycelial growth, pH drift and antibiotic activity of the culture filtrates. 


Organic acids added 


Days BR a Oxalic acid | Malonie acid | Succinic acid | Glutaric acid 

0.016 M| 0.008 M | 0.016 70008 M |0.016 M |0.008 M | 0.0016 M | 0.008 M | 0.016 M 

3 | +1] 12.0 | + 9.7 | + + 1 + a 10.0 

art 6 | + | 16.2 | 85 | 14.9 | + = ; 8.0 
Antibiotic (Sy | Cage || 169) “ES ee) |e 
en arte 2 | EI Saunen —E tt 8.5 
Inhibition | 17 | + | 216 | 12.7 | 206| 8.7 | 10.0 | + | 148 | + | 10.7 
ARE 93 | + | 247 | 14.6 1:25.23 | 87 1.1322. 2:7 200 1 ee = 
(mm) 27 | | 24.5.| 21,5 | 22,9 | + | 105 | 112) 206 | + | 113 
SICH.) 2451 22.01.2231 92 0109| 18.0 || 222) = 9.0 

34 | — | — — — 8.0 | 15.0 | 18.0 | 22.8 | + 9.0 

6 |13.9| 15.0 | 12.8 | 17.2 | 15.9 | 18.2 | 17.2 | 23.5 | 14.2 | 14.2 

Dry weight. | 12 | — | 32.8 | 29.9 | 29.6 | 28.9 | 23.1 | 36.9 | 40.1 | 18.8 | 19.5 
(mg 17 |22.0| 49.3 | 26.6 | 47.2 | 26.3 | 25.9 | 46.9 | 44.8 | 22.9 | 20.8 
23 |27.1| 61.9 | 42.7 | 51.8 | 42.0 | 45.4 | 60.3 | 70.0 | 29.3 | — 

31 |31.2| 53.4 | 49.3 | 48.4 | 50.0 | 47.1 | 74.9 | 80.5 | 37.0 | 34.4 

6: 45: lu Sas) 5.01 SRO REST 2a) 49 4.9 4.7 | 49 

19.) | 5.0. 1.4.8.) 04.801047 ONE Oe 5.2 49 | 49 

pH 17 |.42| 48| 481,48 | 220471 51 4.8 49 | 48 
3°) ACTU fe) et ao Bean: 4.7 oe 

sn 4.0) RS EDIT Wet TESS eG 4.4 5.0 | 49 


1 represents inhibition of the bacteria 


only within the test cylinder (diameter 7 mm). 


Table 2. Influence of the addition of aconitic, maleic and adipic acids to a casein digest 
medium with Marasmius urens. Mycelial growth, pH drift and antibiotic activity of the 
culture filtrates. 


Organic acid added 
Days Control a Aconitic acid Maleic acid Adipic acid 
aci 
0.016 M | 0.008 M | 0.016 M | 0.008 M | 0.016 M | 0.008 M | 0.016 M 
Antibiotic 4 + 10.6 À a = + En + 
activity. 9 + 20.3 aL + + - + oa 
Inhibition 20 +- 24.1 + + + + + — 
zone. 25 + 24.0 + 8 16.3 19.0 + + 
(mm) 30 He gl, Sa cole << 19.9 | 2333: + 8.0 
46 ir — 9 10.0 | 22.7 | 23.2 | 10.0 9.0 
4 16.4 1142 14.7 15.6 17.4 15.9 12.6 135 
Dry weight | 9 21.7, RB, 28.4 | SRG | 067 | Segue fo sae 
(mg) 20 32.0 43.0 44.2 38.8 81.4 70.6 30.0 31.2 
25 32.0 61.9 33.4 41.7 Tal 75.1 41.0 39.4 
46 — — 72.7. 72.6 85.5 104.7 70.2 64.9 
H 4 4.2 5.0 4.8 4.8 4.6 4.9 5.0 5.0 
P 9 4.1 5.0 4.8 4.8 4.3 4.5 4.9 5.0 
25 4.1 4.8 4.9 4.9 4.5 4.5 4.9 4.9 
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Table 3. Influence of the addition of succinic and substituted succinic acids to a casein 
digest medium with Marasmius urens. Mycelial growth, pH drift and antibiotic activity of 
the culture filtrates. 


Organic acids added 
Days ET us Succinic acid} Malic acid | Tartaric acid | Aspartic acid 
10.016 M | 0.008 M | 0.016 M| 0.008 M | 0.016 M |0.008 M| 0.016 M} 0.008 7 |0.016 M 
| | 
ibiote | & | + | 152) + | + | +] +] + + | + 
M sun, © Pee | eee | © | or FO 
ie 20 ee | 80 + | 82h epee 
one (mm) 21 + 22.3 9.3 18.3 7.3 12.2 0272 17 -- + 
: 2 122.84 217.7 | SOOM Otel 14.0. 111710 189. = = 
30 | — 24.7 21.3 22.5 1192 17.0 12222182 8.0 = 
6 21.6 17.62 23745 eee 20.6.7212 18.3 18.9 | 25.5 | 24.1 
Dry weight! 8 | 227 | 27.2 | 289| 242 247 261 | 25.1 | 23.5 | 32.5 | 38.5 
(mg) 16 40.6 | 43.4 | 52.9 | 56.5 | 47.7 | 44.6 | 46.5 | 39.5 | 52.2 | 53.1 
21 54.5 71.0 70.6 | 65.8 73.5 | 68.5 | 42.9 50.5 | 93.5 41.2 
30 — 72.6 | 72.9 | 79.6 | 61.4 | 66.3 50.6 | 54.5 | 84.0 | 69.2 
6 4.3 4.8 5.0 5.0 4.8 4.8 5.1 4.7 4.0 4.2 
8 4.2 4.8 5.0 4.9 4.9 4.8 4.8 4.7 4.0 4.2 
pH 16 ANAL SN 95.09) 74.80 SON 05.00 AT Ka E08 
21 4.0 4.7 5.0 4.6 5.1 5.0 4.7 4.6 4.2 Dee 
30 — — 4.2 4.2 5.1 5.1 4.7 4.6 4.3 5.2 


antibacterial power against Staphylococcus aureus H by the agar cup method. The 
values given usually represent the mean values of three parallels. 

The organic acids were partly neutralized with sodium hydroxide in order to 
give to the substrate a pH of about 5, and filtered through a Seitz filter. They were 
usually added to the media 14 days after inoculation with the fungus. For preli- 
minary tests, the concentrations of the acids in the media were about 0,008 and 


0.016 M. 


The results are presented in Tables 1—3. Since the rate of growth always 
varies slightly in different experiments, every experiment contained, in addi- 
tion to the usual control, a control series with citric acid. 

As seen from the tables, the acids acted both upon antibiotic production 
and growth. As to the dicarboxylic acids, oxalic acid was almost as effective 
as citric acid in causing a rapid formation of antibiotics. The series containing 
succinic and maleic acids suddenly showed a high activity after a lag period 
of about three weeks; the effect of malonic, malic and tartaric acids was 
lower. Aspartic acid, at these high concentrations, was quite ineffective though 
a certain effect was evident after a very long lag phase at low concentrations 
(see p. 569). Acids with longer chains, such as glutaric and adipic acids, 
were ineffective. As to the tricarboxylic acids, citric acid caused a very rapid 
appearance of antibiotic substances; aconitic acid had no effect. 

In general, the acids showed a favourable influence upon the mycelial 
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Figure 1. Influence of different concentrations of citric acid on the antibiotic production 
of Marasmius urens, cultivated on a casein digest medium at pH 5 (the value of the control 
represents the diameter of the test cylinder=7 mm). 


production, at least in those series with the highest concentrations. This was 
especially evident in the case of citric, succinic, maleic, malic and aspartic 
acids. No correlation could be found between mycelial growth and antibiotic 
production, nor could antibiotic activity be connected with the pH of the 
substrate (cf. the tables). 

A more detailed investigation has been devoted to the effect of citric acid. 
As seen from figure 1, the rapid appearance of antibiotic activity increases 
with increasing cor<entrations of citric acid, up to a concentration of 0,016 M. 
Higher concentrations of citric acid could not be tested owing to the toxic 
effect of the acid upon the test organism. The favourable effect of citric acid 
on antibiotic acitvity is dependent to a large extent upon the pH of the sub- 
strate. Thus in Table 4 it may be seen that a rapid appearance of antibiotics 
is obtained only in those series with an initial pH of 5—6, the lag period 
increasing as the pH drops. That the pH used did not produce the lag phase 
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Table 4. Effect of pH on the action of citric acid (0.016 M) added to a casein digest 
medium with Marasmius urens. Mycelial growth, pH drift and antibiotic activity of the 
culture filtrates. 
oo 


| Days | Initial pH 
NET ET 5 5.0 5.5 6.0 
3 9.0 9.9 9.0 10.2 9.0 9.8 
ah. 5 2e a 9.2 14.0 137 13.1 
ne 7 9.3 10.3 11.5 18.1 15.8 141 
a 9 9.7 10.0 9.8 18.5 16.3 15.0 
11 sat 4 9.6 19.3 17.6 16.2 

zone. 

Gt) 14 9.8 8.0 103 20.5 19.7 17.5 
23 10.6 8.5 16.6 23.2 20.5 18.8 
29 10.7 15.8 23.6 24.3 22.5 19.0 
36 13.6 19.3 af = ve 2 
3 15.4 15.7 13.6 13.2 12.0 13.5 
À 7 26-6 25.3 23.1 20.0 17.5 21.1 
Dry weight 9 SHLD 30.7 26.3 23.7 20.2 18.4 
(mg) 14 50.6 41.6 41.0 40.9 39.5 29.2 
23 76.8 73.2 61.2 68.8 57.1 41.1 
29 83.1 716 64.5 76.7 60.3 50.1 
| 14 3.6 4.0 4.5 5.0 5.4 5.9 
pH 29 3.7 4.1 4.5 4.6 5.0 5.7 
36 3,7 41 = | = > = 


in the succinic acid series was shown by the fact that the optimum pH for 
antibiotic production was in this case 4.5—5. 

The stimulative action of citric acid could also be shown with nitrogen 
sources other than casein digest, e.g. asparagine, peptone and ammonium 
sulfate. In the case of asparagine, a maximum diameter of only 15 mm was 
attained, due perhaps to the fact that the mycelial weights did not exceed 
5 mg. In the peptone medium, the diameter of the inhibition zone was the 
same as that obtained with the aminosol substrate, the lag phase, however, 
being longer by about three days. The addition of citric acid to media con- 
taining ammonium sulfate also stimulated antibiotic production, bacteria- 
free zones with diameters up to 30 mm being produced. With regard to the 
different growth rates between mycelia grown on this nitrogen source and 
those cultivated on casein digest, it is difficult to make comparisons con- 
cerning the rapidity of the formation of antibiotics. Therefore the replace- 
ment technique was used: Mycelia were first cultivated on aminosol medium, 
washed and then transferred to two complete media both of which contained 
citric acid but which differed in respect of the nitrogen source (ammonium 
sulfate respective aminosol). It was found that inhibition zones of the same 
diameter were produced on the ammonium sulfate medium, 1—2 days after 
zones of equal size had been produced on the aminosol substrate. 
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A stimulation of the antibiotic production by citric acid was also found 
in other fungi, e.g. Marasmius graminum, M. foetidus, M. putillus and 
M. ramealis. When cultivated under the same conditions only a very slight 
positive effect was obtained with Omphalia maura and no effect with Mor- 
chella conica. 

That citric acid, in combination with glucose, has a favourable influence 
upon growth has been shown with Penicillia, ia. by Camp (1923) and Mar- 
loth (1931), both of whom considered the result to be due to the buffering 
action of the acid. Leonian and Lilly (1940) found that several organic acids 
stimulated growth of Phycomyces, connecting this effect with the nitrogen 
metabolism. They showed that when such acids as aspartic or succinic were 
added to a medium containing a less available nitrogen source (e.g. ammo- 
nium salts), growth was stimulated. The authors regarded the free carboxyl 
group to be essential for the effect. Their results were confirmed by Burkhol- 
der and Mc Veigh (1940) who also demonstrated that the action was not due 
to the effect of the acid upon the pH drift in the media. 

Regarding the formation of antibiotics, Koffler et al. (1945) found a 
stimulative effect on penicillin production by sodium citrate. Extensive studies 
in this field have been made by Brian et al. (1947, 1948). They found that 
several organic acids stimulated the antibiotic production and mycelial 
weights of various fungi. In general, malic acid was the most effective. In 
the case of Penicillium gladioli, they proved this stimulative action to be 
dependent cn the pH, but with other fungi they found no correlation between 
pH, mycelial weight, and antibiotic action. In a series of very detailed experi- 
ments with Metarrhizium glutinosum, they found that antibiotic activity 
was stimulated on ammonia-nitrogen media, an effect which they connected 
with the ammonia-nitrogen assimilation. »It is suggested that M. glutinosum 
is unable when nitrogen is supplied as an ammonium salt to break down 
glucose to the 3-, 4- or 5-carbon acids which normally enter into the trans- 
formations of the Krebs cycle. Accordingly this fungus is unable to assimilate 
ammonia, which is probably normally in fungi as in other plants, condensed 
with q-ketonic acids produced by carbohydrate degradation to form cor- 
responding a-amino-acids.» (Brian et al. 1947 p. 107) In support of this 
hypothesis, they stated that the stimulation did not appear on media con- 
taining nitrate-nitrogen, asparagine, aspartic acid, glutamic acid and peptone. 
They also obtained a positive action with the amino-acids which play an 
important role in transamination, i.e. aspartic and glutamic acid. (Aspartic 
acid especially was very effective in the concentrations of 0.1—0.5 per cent). 

In general, there is of course no reason to seek a close connection between 
fungi such as Metarrhizium and Marasmius which are so widely separated 
sysiematically. As it is evident that the organic acids have a profound effect 
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on the metabolism of various fungi, it may be interesting to compare the 
cultural conditions under which these favourable effects are apparant. Con- 
trary to Brian, the present author has found that the stimulative effect of 
citric acid upon the production of antibiotics is apparant with several dif- 
ferent types of nitrogen sources, e.g. casein digest, peptone, asparagine, and 
ammonia-nitrogen media. Nitrate-nitrogen has not been tested because it 
does not permit growth (cf. Lindeberg 1944) and owing to the methods used 
in these experiments involving very high concentrations of citric acid which 
considerably suppress the initial growth, one must add the acid to a myce- 
lium already formed. Our results also differ concerning the amino-acids. The 
negative effect of aspartic acid upon the antibiotic formation of M. urens 
is very interesting since the same concentrations of the corresponding 
dicarboxylic acid — succinic acid — are active. The concentrations used were 
however rather high and as the amino-acids usually stimulate growth when 
added in very low concentrations, preliminary experiments using such con- 
centrations (cf. Melin and Norkrans 1948) were performed with aspartic 
acid, as well as with glutamic acid. (In these experiments the L-forms were 
used while the results in Table 3 were performed with the DL-aspartic acid, 
owing to the latter’s higher solubility). In the case of glutamic acid at a 
concentration of 0.0025 M, as at higher concentrations of 0.008 and 0.016 M 
small inhibition zones of about 10 mm were obtained after about one month, 
while in the three series mycelial weights were found to be double that of 
the control. The 0.0003 and 0.0009 M aspartic acid series showed similar 
values in respect of antibiotic activity and mycelial weight after about one 
month. Afier a very long lag period of 50 days however, zones of 15 mm 
were found in the amino-acids series. 

It has earlier been demonstrated that the production of antibiotic sub- 
stances in M. urens is inhibited when the fungus is cultivated on media 
containing very high concentrations of an easily available nitrogen source 
(Oblom 1950): One may suggest therefore that the failure of the amino-acids 
at high concentrations to stimulate antibiotic production is dependent upon 
their supplying nitrogen to the substrate, under which condition only the 
mycelium production is increased. This idea is also supported by the fact 
that an addition of nitrogen interferes with the favourable, action of citric 
acid. Thus if 0.016 M citric acid neutralized with sodium hydroxide (’sodium 
citrate’) is replaced by 0.016 M ammonium citrate only a slight formation 
of antibiotics takes place. It can of course be supposed that the stimulation 
of ‘sodium citrate’ is dependent upon the sodium ion. For that reason an 
experiment was performed with ammonium citrate, ‘sodium citrate’ and 
’sodium citrate’+ammonium sulfate (the nitrogen concentration of ammo- 
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Table 5. Effect of simultaneous addition of ammonia-nitrogen and citric acid to a casein 
digest medium with Marasmius urens. Mycelial growtk, pH and antibiotic activity of the 
culture filtrates after 7 days. 


Citri id Citric acid (0.016 | Ammonium 
Su un Control Bere M) + ammonium citrate 
added (0.016 M) | ‘sulfate (0.016 M) | (0.616 M) 
Inhibition zone (mm) —- 20.5 8.5 8.7 
Dry weight (mg) 24.2 19.6 24.7 23.5 
DE Aa 4.2 5.0 4.9 4.0] 


nium sulfate=that of the ammonium citrate). After an incubation period 
of one week, the result shown in Table 5 was obtained. 

Thus, when nitrogen is added to the substrate, the positive action of citric 
acid is inhibited. 

In order to investigate if citric acid in some way affected the nitrogen 
metabolism, analyses of the glucose and nitrogen utilization were performed. 
In this respect, it was not possible to compare the citric acid series with the 
control, owing to the very different rates of growth in these two series. Thus, 
during the first days after the addition of the acid, mycelial production in 
the citric acid series was suppressed, in comparison with the control. There- 
fore the analyses were carried out with two concentrations of citric acid: 
0.008 M and 0.016 M. In the 0.008 M series, antibiotic production is rather 
slight with bacteria-free diameters of about 10 mm, while in the 0.016 M 
series, zones of 20 mm are attained rather rapidly. The mycelial weights, 
however, are almost the same. (The values of the high citric acid series are 
generally some milligrams lower, a fact which may be attributed to the more 
mucilaginous consistency of these mycelia which makes it more difficult 
to avoid loss when they are dried on filter paper). The analyses were per- 
formed with three parallel flasks which were filtered through a Biichner 
funnel. The mycelial mats were washed with 25 mi of distilled water and 
the filtrate diluted to 100 ml and analysed for residual sugar according to 
Philipson (1943), and for total nitrogen by the micro-Kjeldahl method. The 
values given in the following diagram (figure 2) are mean values, based on 
3—4 analyses. 

As is seen from the diagram, the utilization of nitrogen in the two series 
is about the same at the beginning, when the curve of antibiotic activity in 
the high citric acid series rises very rapidly. A greater utilization of nitrogen 
in the 0.016 M series begins when the rate of antibiotic formation has 
decreased. In this connection, it can also be emphasized that the stimulation 
on growth caused by citric acid begins after the rapid appearance of anti- 
biotics. Thus four days after the last analyses, the dry weights in the control 
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Figure 2. Conditions during antibiotic formation of Marasmius urens, cultivated on casein 
digest media supplied with citric acid in concentrations of 0.008 M (A) and 0.016 M (B). 


pH of the media 5.0 resp. 5.1 O remaining glucose, (® remaining nitrogen, & antibiotic 


activity, ® mycelial productipn. 


and in the 0.016 M citric acid series were 36 and 40 mg respectively, and 
after 16 days 65 and 81 mg. Simultaneous with this mycelial increase of 
41 mg the diameter of the inhibition zone increased by 2 mm. Concerning 
the acids causing a positive effect upon antibiotic activity after a lag phase, 
formation of antibiotic substances also takes place here, when the growth 
rate is decreasing (cf. also e.g. Jarvis and Johnson 1947). 

However, as seen from the diagraın, a more intensive utilization of glucose 
runs parallel with the rise of the activity curve in the 0.016 M citric acid 
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series. This parallelism was also observed in similar experiments. Whether 
these facts have some relation with each other or whether they only are 
parallel phenomena, will be the subject for further investigations. 


Summary 


1. It has been found that several organic acids have a favourable influence 
upon antibiotic production of Marasmius urens. Citric and oxalic acids 
induced a rapid appearance of a high antibiotic activity. Succinic and maleic 
acids caused large inhibition zones after a lag phase of about three weeks. 
Malic, tartaric and malonic acids were less active; glutaric, adipic and aconitic 
acids were quite ineffective. 

2. The positive effect of citric acid was shown to increase with increasing 
concentrations up to 0.016 M. The favourable action was dependent on pH: 
high activity values were first obtained in the pH-5 series while antibiotic 
production was delayed in the low-pH series. The effect of the acid has been 
observed with different nitrogen sources, e.g. casein digest, peptone, aspara- 
gine and ammonia-nitrogen media. 

3. The amino-acids, glutamic and aspartic acid had mainly a favourable 
influence upon growth. Contrary to succinic acid (the corresponding dicar- 
boxylic acid), high concentrations of aspartic acid had no effect on anti- 
biotic production. It is suggested that the negative action of amino-acids may 
be correlated with the fact that they supply nitrogen to the substrate. 

4. The action of citric acid was suppressed in the presence of ammonium 
sulfate. 

5. The author has compared the high citric acid series producing large 
inhibition zones with the low citric acid series, producing small zones. As a 
result, it was found that during the rapid initial increase of the antibiotic 
curve in the high citric acid series, the nitrogen of the substrate was utilized 
to practically the same extent in both series. A more intensive consumption 
of nitrogen in the high citric acid series followed by an increase in mycelial 
weight, occurred simultaneously with a decrease in the rate of antibiotic 
formation. 

6. Parallel with the rapid rise in antibiotic activity, a more intensive 
utilization of glucose was demonstrated. 


This paper is part of an investigation on antibiotics carried out at the Institute 
of Physiological Botany and the Chemical Institute, University of Uppsala under 
the direction of Professor E. Melin and Professor A. Fredga. The investigation has 
been supported by the Swedish Natural Science Research Council. 
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Effect of Vernalization and Photoperiodie Treatments on 
Growth and Development of Crop Plants 


III. Rate of Dry Matter Production, Net Assimilation Rate, and 
Water Content of Wheat under varying Photoinductive 
and Post-photoinductive Treatments 
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In previous communications (Chinoy and Nanda, 1951 a, b) effect of length 
of day on flowering and spike development and on stem growth and 
tillering have been dealt with. The present paper deals with the effect of 
daylength on dry matter production in wheat as determined by the relative 
growth rates and net assimilation rate. Changes brought about in its water 
content at different stages of its development have also been studied. 


Experimental procedure 


Detailed procedure has already been given previously (loc. cit.). The whole 
plant sample method of Gregory (1921, 1926) was used for determining the 
growth behaviour of plants. Samples were taken at random at weekly inter- 
vals. As the plants were small five plant sample was taken for the first three 
weeks. Later on, however, only three plants were taken for each sample. 
The soil was watered before sampling so that a major portion of the root 
system could be sampled by pulling out the plant. After thoroughly washing 
the roots the plants were removed to the laboratory in wet cloth bags for 
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Figures 1 to 5. Effect of photoinduc- 
tive treatments on fresh weights of 
whole plant (Fig. 1), root (Fig. 2), 
stem (Fig. 3), leaf (Fig. 4), and ear 
(Fig. 5). 


FRESH WEIGHT GM. PER PLANT 


Treatment No. 1= @———® 


Treatment No. 3= &——A 


Treatment No. 5= 7 —7 


TIME-DAYS FROM SOW/NG 


weighing. Each sample was separated into green leaves to represent the 
assimilating material, stem to represent the conducting and mechanical 
tissue, roots to represent the absorbing tissue, and the ears to get an idea 
about the potential crop. After taking the fresh weights, samples were dried 


in the sun for 15 days. Before recording the dry weights they were kept in 
an oven for three hours at 100° C. 
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ST Fig.6 
WHOLE PLANT 


DRY WEIGHT GM. PER PLANT 


Figures 6 to 10. Effect of photoinduc- 
tive treatments on dry weights of 
whole plant (Fig. 6), root (Fig. 7), stem 
(Fig. 8), leaf (Fig. 9), and ear (Fig. 10). 
Legend see figures 1—5. 


TIME-DAYS FROM SOW/NG 


Experimental findings 


Data of only one experiment (no. 3) have been recorded here. Effects of 
photoinductive and post-photoinductive treatments were obtained by com- 
piling the data as already shown elsewhere (loc. cit.). The results are gra- 
phically presented in Figures 1 to 10 for photoinductive and 11 to 20 for 
post-photoinductive treatments. Each point in these graphs is a mean of nine 
observations. From the fresh and dry weight data water content of the whole 
plant as well as its parts was determined as percentage of fresh weight and 


is presented graphically in Figures 21 to 30. 
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Fig. 13 
STEM 


40 60 80 100 120 140 
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Figures 11 to 15. Effect of post- 
photoinductive treatments on 
fresh weights of whole plant 
(Fig. 11), root (Fig. 12), stem 
(Fig. 13), leaf (Fig. 14), and 
ear (Fig. 15). 

e——3 = (LD); 


4——A = (ND); 


e—— = (SD). 


40 60 80 100 120 140 
TIME-DAYS FROM SOW/NG 


Fresh and dry weight data. The general trends of results for fresh and 
dry weights appear to be similar. Photoinductive treatments do not appear 
to have markedly affected dry matter production except in Treatment No. 1, 
where it is invariably less (Figs. 1 to 10). 


VERNALIZATION AND PHOTOPERIODIC TREATMENTS 579 
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Fig.16 
WHOLE PLANT 


DRY WEIGHT GM. PER PLANT 


Figures 16 to 20. Effect of post- 
photoinductive treatments on 
dry weights of whole plant 
(Fig. 16), root (Fig. 17), stem 
(Fig. 18), leaf (Fig. 19), and 
ear (Fig. 20). Legend see fi- 
gures 11—15. 


TIME-DAYS FROM SOW/NG 


It is seen that fresh and dry weights of the whole plant under LD increase 
up to 86 days from sowing and become constant before showing a slight 
final increase (Figs. 11 and 16). The stem fresh and dry weights also show 
a similar trend with the only difference that constant level is maintained 
for a longer period in this case (Figs. 13 and 18). Leaf fresh and dry weights 
(Figs. 14 and 19) show only a slight increase while that of ears (Figs. 15 and 
20) increases very rapidly. Under ND treatment fresh and dry weights of 
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whole plant stem and ears (Figs. 11 to 20) continue to increase almost upto 
the end and reach later and higher maxima. Under this treatment the leaves 
also show a rapid increase in weight till 86 days after which it gradually 
declines. The maximum in this case is reached much earlier than that in the 
whole plant or in the stem. Under SD treatment the plants show a much 
lower fresh and dry weight production throughout the experiment. 


Derived Data. From the sampling data of the dry weights estimates were 
made of the relative growth rates of individual plant parts and the whole 
plant as well as net assimilation rates by methods used by Gregory (1926). 
As it was rather difficult to estimate leaf area on a large scale net assimilation 
rates were caiculated on the basis of unit weight of leaf instead of unit leaf 
area. The relevant data are given in Tables 1 to 8 for photoinductive and 
post-photoinductive treatments. 


Relative Leaf Growth Rate is maximum during the period 51 to 57 days 
and then decreases gradually under LD treatment (Table 2). The secondary 
increase noticed towards the end is probably due to the formation of new 
tillers. The leaf growth rate under ND treatment is higher and is maintained 
at a higher level for a longer period. The decrease is noticeable after 79 days. 
The rapid fall in leaf growth rate under LD treatment compared to ND is 
probably due to the supression of vegetative growth caused by LD in hastening 
the developmental process. The rate under SD treatment is the lowest and 
shows little difference with successive samples. The shooting up of the rate 
under this treatment after about 100 days is due to the termination of the 
SD treatment. The relative leaf growth rates donot differ significantly under 
photoinductive treatments (Table 1). 


Table 1. Effect of photo-inductive treat- Table 2. Effect of postphoto-inductive 
ment on relative leaf growth rate. treatment on relative leaf growth rate. 
re Photo-inductive , Post photo-inductive 
lime days treatment Time — days treatment 
from sowing from sowing 

No. 1 | No. 3 | No. 5 S, Deine DRE 
44— 50 0.39 | 0.58 | 0.53 44—50 0.22 | 0.76 | 0.52 
51—57 0.70 | 0.46 | 0.69 51—57 0.32 | 0.95 | 0.58 
58— 64 0.32 | 0.50 | 0.30 58—64 0.37 | 0.28 | 0.48 
65—71 0.32 | 0.33 | 0.23 65—71 0.39 | 0.26 | 0.23 
72—78 0.50 | 0.43 | 0.51 72—78 0.34 | 0.78 | 0.32 
79—85 0.17 | 0.30 | 0.10 79—85 0.19 | 0.19 | 0.18 
86— 92 0.21 |— 0.03/— 0.11 86— 92 0.28 — 0.19|— 0.04 
93—99 0.06 |— 0.06|— 0.22 93—99 0.30 |— 0.25|— 0.24 
100—106 0.27 | 0.26 | 0.08 100—106 0.69 | 0.22 |— 0.36 
107—113 0.11 |— 0.02] 0.36 107—113 — 0.15} 0.00 | 0.59 
114-120 — 70:03 0851 
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Table 3. Effect of photo-inductive treat- Table 4. Effect of post photo-inductive 
ment on relative growth rate of stem. treatment on relative growth rate of 
stem. 
Er a nn FE FREI EL FE 
: Photo-inductive À Post photo-inductive 
u. = days treatment Time — days treatment 
rom sowin fi i z 
Bre os | No. 5 u ae Nee: 
| 44—50 0.26 | 0.55 | 0.59 44—50 0.13 | 0.65 | 0.62 
| 51—57 1.01 0.71 0.95 5l=—57 0.41 1.26 | 0.89 
58—64 0.44 | 0.79 | 0.54 58—64 0.48 | 0.46 | 0.83 
65—71 0.35 | 0.46 | 0.27 65— 71 0.28 | 0.41 | 0.39 
72—18 0.73 | 0.79 | 0.94 72—78 0.63 | 1.00 | 0.84 
79—85 0.49 | 0.43 | 0.29 79—85 0.28 | 0.47 | 0.45 
| 86—92 023852 7207157120722 86—92 0.51 0.05 | 0.08 
93—99 0.24 | 0.17 | 0.06 93—99 0.28 | 0.17 | 0.03 
100—106 0.84 | 0.44 | 0.31 100 —106 1.25 | 0.25 | 0.08 
107—113 —0.02|— 0.01| 0.34 107—113 0.02 | 0.12 | 0.14 
114—120 0.35 | 0.02 = 
Table 5. Effect of photo-inductive treat- Table 6. Effect of post photo-inductive 
ment on the relative rate of total dry treatment on the relative rate of total 
weight increase (Efficiency index). dry weight increase (Efficiency index). 
n Photo-inductive - Post photo-inductive 
Time — days treatment Time — days treatment 
from sowing from sowing 
No. 1 | No. 3 | No. 5 S. DIN. D, | ED. 
44—50 0.33 | 0.45 | 0.47 44—50 0.17 | 0.66 | 0.43 
51—57 -| 0.76 | 0.52 | 0.71 51—57 0.32 | 1.01 | 0.67 
58--64 0.37 | 0.63 | 0.32 58 —64 0.37 | 0.34 | 0.66 
65—71 0.36 | 0.42 | 0.32 65—71 0.33 | 0.31 | 0.47 
72—78 0.73 | 0.64 | 0.83 72—78 0.49 | 0.94 | 0.78 
79—85 0.30 | 0.35 | 0.20 79—85 0.16 | 0.36 | 0.33 
86—92 0.23 | 0.10 | 0.09 fi 86— 92 0.35 |— 0.08) 0.14 
: 93—99 0.20 | 0.18 | 0.07 93—99 0.29 | 0.12 | 0.04 
100—106 0.63 | 0.44 | 0.36 100—106 1.02 | 0.23 | 0.18 
| 107—113 0.20 | 0.07 | 0.33 106—113 0.14 | 0.21 | 0.26 
114—120 0.42 | 0.14 — 


Relative Stem Growth Rates do not appear to differ very much under LD 
and ND treatments (Table 4). The maxima are reached after 51—57 days. 
The rate is maintained at a fairly high level till 72 days after which it 
decreases gradually. The secondary rise observed towards the end is not as 
marked as that of relative leaf growth rate. It is probably due to the fact 
that the new tillers which caused this rise consisted of leafy material. The 
rate is very slow under SD treatment. The marked rise in the rate after 100 
days is due to the termination of the treatment. Differences in the relative 
stem growth rate are not significant under photoinductive treatments 
(Table 3). 

Efficiency Index or Relative Rate of Total Dry Weight increase does not 
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Table 7. Effect of photo-inductive treatment on the net assimilation rate (increase in dry 
matter in g. produced per g. of leaf weight per week). 


Photo (—) inductive 

Time — days treatment 
One Ng 4, | No.8 Nees 
44—50 0.64 | 0.83 | 0.87 
51—57 1.47 | 0.98 | 1.31 
58— 64 0.79 | 1.43 | 0.75 
65—71 0.85 | 1.02 | 0.77 
72—78 2.091179 12:37 
79—85 1.42 1.60 | 0.58 
86—92 0.80 | 0.37 | 0.55 
93—99 0.52 | 0.75 | 0.50 
100—106 1.44 | 1.54 | 2.19 
107—113 2.81 | 0.85 | 2.47 


Table 8. Effect of post photo-inductive treatment on the net assimilation rate (increase in 
dry matter in g. per g. of leaf dry weight.) 


ie Net assimilation rate per week Net SRE ROTEL Er 
BEE S. D. N. D. Lid: SoD: N. D. L. D. 
(1) A @ ay | ee CAO SR See 
44—-50 0.34 1.13 0.87 0.0079 0.0147 0.0052 
51—57 0.55 1.72 1.49 0.0132 0.0223 0.0089 
58—64 0.60 0.62 1.76 0.0143 0.0080 0.0105 
65—71 0.53 0.58 1.68 0.0126 0.0076 0.0100 
72—78 0.83 1.99 3.43 0.0197 0.0258 0.0204 
79—85 0.30 1.34 1.97 0.0070 0.0174 0.0117 
86—92 0.64 0.09 1.00 0.0153 0.0011 0.0060 
93—99 0.59 0.55 0.61 0.0141 0.0072 0.0036 
100—106 2.19 1.14 1.84 0.0284 0.0147 0.0239 
107—113 0.41 1.19 4.52 0.0053 0.0154 0.0587 
114—120 1.62 1.04 — 0.0211 0.0135 — 


show appreciable difference for photoinductive treatments (Table 5). Effi- 
ciency indices of plants under LD and ND treatments are appreciably higher 
than those of SD plants. The rate remains fairly high till 72 days after which 
it declines slowly. In SD plants the efficiency index does not vary with time. 
The sudden rise in the value is due to the termination of the treatment as 
already stated for the relative stem and leaf growth rates. (Table 6). 

Values of Net Assimilation Rates do not show any clear differences under 
photoinductive treatments (Table 7). For post-photoinductive treatments net 
assimilation rates have been calculated as net increase in dry matter per 
gram of leaf weight per week (Table 8 columns 2, 3, and 4); as well as net 


increase in dry matter per gram of leaf weight per hour of illumination 
(Table 8, columns 5, 6, and 7). 
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Table 9. Analysis of variance: Relative leaf growth rate. 


a ere 
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Des. Degrees of | Sum of Mean |Observ. value 
freedom squares squares | of x (V,/V,) 
(1) (2) (3) (4) (5) 
a UN 
(HiMReplicates U. ok... SPs. ac 2 .030 .015 0.79 
(2) Photo-inductive treatment . ..... 2 .050 .025 1.33 
(3) Post photo-inductive treatment . .. 2 1.520 -760 40.401 
me 2... 008... 5 3.210 .642 34.151 
(5) Photo-inductive treatment 
4 .580 .145 7.711 
Post photo-inductive treatment 
(6) Photo-inductive treatment 10 .910 .091 4.841 
Time. 
(7) Post photo-inductive treatment 10 3.840 .384 20.421 
Time. 
(8) Photo-inductive treatment 
Post photo-inductive treatment 20 1.14 .057 3.031 
Time. 
Residual error... 1. : en. 106 2.00 0188 


1 Significant at 1 per cent point. 


1 Significant at 5 per cent point. 
2 Significant at 1 per cent point. 


Table 10. Analysis of variance: Relative stem growth rate. 
see ts Degrees of | Sum of Mean Observ. value 
freedom squares squares of x (V,/V,) 
a) (2) (3) (4) (5) 
MieReplicatese. er. sets. damien: 2 .020 .010 1.00 
(2) Photo-inductive treatment ...... 2 .060 .030 3.031 
(3) Post photo-inductive treatment . .. 2 3.750 1.870 189.922 
TRI ERA ee 5 6.100 1.220 123.232 
(5) Photo-inductive treatment 
4 .590 .147 14.84? 

Post photo-inductive treatment 
(6) Photo-inductive treatment 10 2.070 0.207 20.91 ? 

X 

Time. _ 
(7) Post photo-inductive treatment 10 2.720 272 27.47 2. 

Time. | 
(8) Photo-inductive treatment 

X 

Post photo-inductive treatment 20 1.580 .035 3.53? 

| Time. 
RESIAUAl error er. 120 enter. 106 1.040 .0099 
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Table 11. Analysis of variance: Efficiency index. 


oo nn 


Significant at 1 per cent point. 


Observed 
Godt wets of| Sum of Mean le ar 
eedom squares squares x (V,/V,) 
eee | PO TS eS ee 
(1) Replicates :..................... 2 .004 -002 0.04 
(2) Photo-inductive treatment . ...... 2 -030 .015 28 
(3) Post photo-inductive treatment . .. 2 2.850 1.425 33.83 
(Lime RPC re 5 3.400 .680 15.812 
(5) Photo-inductive treatment 
4 .430 1707 2.491 
Post photo-inductive treatment 
(6) Photo-inductive treatment 10 .300 .030 0.69 
Time. 4 
(7) Post photo-inductive treatment 10 2.570 .257 5.972 
Time. 
(8) Photo-inductive treatment 
Post photo-inductive treatment 20 .680 .034 0.79 
Time. 
Residualeerrone. ..... a... 106 4.58 .043 
1 Significant at 5 per cent point. 
2 Significant at 1 per cent point. 
Table 12. Analysis of variance: Net assimilation rate. 
Observed | 
pe menden | Amar | are (eaves 
x (Vi/Va) 
(1) (2) (3) (4) (5) 
(ii Replicates) era... de 2 511 .255 1.06 
(2) Photo-inductive treatment . ...... 2 .735 .367 1.53 
(3) Post photo-inductive treatment . .. 2 46.826 23.413 97.551 
CHENE Boater tates one RE CRE = een 5 29.846 5.969 24.871 
(5) Photo-inductive treatment 
4 3.732 0.933 3.881 
Post photo-inductive treatment 
(6) Photo-inductive treatment 10 10.839 1.084 4.511 
Time. 
(7) Post photo-inductive treatment 10 19.994 1.999 8.331 
Time. 
(8) Photo-inductive treatment 
Post photo-inductive treatment 20 15.335 0.767 3.1911 
x 
Time. 
RESiAUAWEETON sara cr 106 25.489 0.240 
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Figures 21 to 25. Effect of photoinduc- 
tive treatments on water contents of 
whole plant (Fig. 21), root (Fig. 22), 
stem (Fig. 23), leaf (Fig. 24), and ear 
(Fig. 25). Legend see figures 1—5. 40 


WATER CONTENT PER WO GM. OF FRESH WEIGHT 


40 60 80 100 120 
TIME-DAYS FROM SOWING 


Weekly rates of net assimilation increase till about 72 days after which 
a gradual decline in the rate is observed in both LD and ND plants. A 
secondary rise at a later stage is noticeable in both the cases. The rate is 
generally higher in LD plants except during the period between 44—57 days. 
Dry matter accumulation is very slow under SD treatment and remains at 
a low level throughout the growing period. 

Dry matter production per hour of illumination on the other hand appears 
to be the same in all three light treatments. The slightly lower value of net 
assimilation rate in LD plants is probably due to the less intensity of artificial 
light. 
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Fig. 26 
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Statistical analysis of results. Analysis of variance of relative leaf growth 
rate, relative stem growth rate, efficiency index and net assimilation rate 
(per week), is given in Tables 9—12. Effects of post-photoinductive treat- 
ments and time are highly significant in all cases while that of the photo- 
inductive treatment is not significant. First order interactions are all highly 
significant except interaction of time and photoinductive treatment and that 
of photoinductive and post-photoinductive treatments for efficiency index. 

Water contents of different plant parts as percentages of fresh weight are 
given in figures 21 to 25 for photo-inductive treatments. The differences do 
not appear to be well defined although the water content of plants receiving 
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treatment No. 1 is slightly higher during the entire period of growth. Water 
contents of all the parts of LD plants (Figs. 26 to 30), with the exception of 
leaves, decrease very rapidly till the end. In the leaves a slight increase is 
noticeable towards the end. Reduction in water content in ND plants is more 
gradual with the result that water contents of ND plants remain at a higher 
level. The water content registers an initial rise in the case of ears and then 
declines. Water content of SD plants is the highest on account of a very slow 
rate of decline. 


Discussion 


The effect of length of day on flowering, tiller production and stem elonga- 
tion has been discussed in previous papers of this series. It was shown that 
the rate of stem elongation is very rapid in LD plants and as a consequence 
of which the maximum height is attained much earlier than in the case of 
ND plants. So far as tillering is concerned ND plants show a rapid increase 
till a maximum is reached. In LD plants on the other hand it is completely 
arrested till quite late when it registers a slight increase. Thus there are 
marked differences in stem elongation and tiller production of LD and ND 
plants. 

The results of dry matter production which are presented in this paper 
show interesting relationship with the results described previously. Rate of 
dry matter production of the whole plant (efficiency index) does not vary 
appreciably in LD and ND plants (Table 6). The rate of dry matter produc- 
tion of stem is, however, not in keeping with the rate of stem elongation. 
Since the rate of stem elongation is more rapid in LD plants it may be 
expected that the rate of dry matter production would follow the same trend. 
Actually, however, the rate of dry matter production of stem in LD and ND 
plants does not vary significantly. This matter has received further attention 
by one of us (Chinoy, 1949). It was shown in the case of a large number of 
wheat varieties that stem elongation was determined by the developmental 
process, and the period for which the curves remained flat increased pro- 
gressively with the lateness of flowering in a variety. When the dry weights 
of ’actual’ stems exclusive of leaf sheaths were taken it was found that the 
rapid increase in stem dry weight synchronized with change in the growing 
point from the vegetative to the reproductive state. In the present case, 
however, the greater proportion of the stem is made up of leaf sheaths in 
the early stages of growth and as the leaf dry weight is closely related to 
tiller production this relationship between stem dry weight and flowering is 
masked. This is clearly brought out from Figures 31—33, in which the actual 
stems together with the spikes have been dissected out from plants receiving 
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Figures 31, 32, and 33. The effect of nine combinations of photoinductive and post-photo- 
inductive treatments on three varieties of wheat; N.P. 52 (Fig. 31), N.P. 165 (Fig. 32), 
and Punjab C. 591 (Fig. 33). 


varying photoinductive and post-photoinductive treatments after 51 days of 
growth, in all the three varieties. There appears to be a close correspondence 
between spike length and the length of the actual stem. The effect of post- 
photoinductive treatment is very marked on stem growth. Thus the greatest 
stem growth has taken place in all the three varieties under 5-LD treatment. 
Stem growth in 5-ND is intermediate, while in SD plants stem growth has 
occurred in 5-SD treatment only in N.P. 52 and N.P. 165 to a measurable 
extent. Internodal growth appears to have been just initiated in 3-SD plants 
of N.P. 165, while no growth in stem appears to have taken place in 1-SD 
plants. The varietal effect on stem growth under the three photoperiodic 
treatments is seen from Figures 31 and 33 where internodes have not elongated 
in 1-ND, 3-SD and also in 3-ND plants. It is therefore clear that the time of 
flowering in wheat has a profound effect upon stem growth and that the 
disparity in the rate of dry matter production in stem and the rate of stem 
elongation (Figures 4 to 6 of Part II of this series) is actually due to the 
masking effect of the weight of leaf sheaths which is included in stem weights 
in the present paper. Dry matter production in SD plants is very slow and 
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Table 13. Stem Weight/Leaf Weight Table 14. Stem Weight/Leaf Weight 
ratio at successive stages of growth un- ratio at successive stages of growth un- 
der varying photo-inductive treatments. der varying post photo-inductive treat- 
ments. 
Time —- days Time (—) days 
from sowing No. 1 | No. 3 | No. 5 fom. sowing Sy DSN. D: ED: 
44 0.47 | 0.44 | 0.45 44 0.37 | 0.41 0.40 
51 0.46 | 0.46 | 0.58 51 0.33 | 0.39 | 0.79 
58 0.64 | 0.61 0.63 58 0.39 | 0.52 | 1.06 
65 0.73 | 0.88 | 0.83 65 0.43 | 0.64 | 1.46 
72 0.83 | 1.09 | 1.03 72 0.3939 204262 01.92 
79 1212281.2972 1244 79 0.58 | 0.95 | 3.21 
86 1.51 1.78 | 1.63 86 0.61 1.24 | 3.79 
93 WSdee 2218) |, 2.28 93 0.78 | 1.58 | 4.41 
100 1.98 | 2.6977 3.16 100 0.79 | 2.26 | 5.61 
107 2.41 2.23 | 3.42 107 1.17 | 2.27 | 8.40 
114 3.22 | 2.54 | 3.47 114 1.84 | 2.64 | 5.58 
121 1.55 | 2.92 = 
135 3.77 | 2.66 = 


that is not due entirely to delay in flowering caused by short days, but is to 
a great extent due to low assimilatory activity of these plants. This is borne 
out by the results of net assimilation rate (Table 8, column 2). 

Leaf growth rate is maintained at a higher level in ND plants. The rapid 
fall in leaf growth rate in LD plants is probably due to earlier suppression 
of tiller production by acceleration in flowering. As noted previously the dif- 
ferences in dry matter production are significant only in the case of post- 
photoinductive treatments. 

The results of net assimilation rate clearly demonstrate why tillering as 
well as the dry matter production in SD plants is low. There are highly 
significant differences in net assimilation rates calculated on weekly basis 
(Table 8, columns 2, 3, and 4). On the other hand when the assimilation 
rates are calculated on the basis of period of illumination (not taking into 
account the dark period of the day), there are very little differences under 
the three light treatments. It is therefore clear that the dry matter production 
of SD plants does not suffer from a lower photosynthetic efficiency but is due 
to lesser production of carbohydrates during the short duration of light 
period and a greater loss in respiration. 

Comparing the relative weights of stem and leaf at successive develop- 
mental stages in plants under varying photoperiodic treatments it is observed 
that in all cases the leaf weight is more than the stem weight during the 
early stages and therefore the ratio of stem weight over leaf weight is very 
low (Tables 13, 14). However, the dry matter accumulates in the stem at a 
much faster rate and consequently the dry weight of the stem equals that of 
the leaf after sometime and then surpasses it. The ratio does not vary 
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significantly under photoinductive treatments. The differences are, however, 
very marked for post-photoinductive treatments. Thus the ratio is very high 
in LD plants and stem weight surpasses the leaf weight after 58 days. Leaf 
and stem weights in ND plants become equal after 80 days and the ratio is 
lower all throughout compared to LD plants. The ratio does not approach 
unity in SD plants till 107 days, and the values are lower than those of the 
ND plants. This also lends support to the fact that the partitioning of dry 
matter between the stem and the leaf is controlled by flowering. 

The water content of SD plants remains at a higher level at all stages on 
account of the fact that the plant body is mainly comprised of leafy tillers 
till very late in the season. The earlier secondary rise in the water content of 
the leaves of the LD plants is probably also due to the formation of new 
tillers. 


Summary 


1. Photoinductive and post-photoinductive treatments were given to one 
variety of Triticum vulgare, var. N.P. 52. Fresh and dry weights for the 
whole plant as well as individual parts were recorded separately at weekly 
intervals and their relative growth rates and net assimilation rates were deter- 
mined. Water content as percentage of fresh weights were also determined 
at successive stages. 

2. Relative growth rates and net assimilation rates were not affected 
significantly by different photoinductive treatments. 

3. Post-photoinductive treatments on the other hand caused very signi- 
ficant differences in relative growth rates and net assimilation rates. Stem 
growth rates of LD and ND plants did not vary significantly. The leaf 
growth rate on the other hand was higher in ND plants. The relative growth 
‚rates in SD plants were lowest in all cases. 

4. Net assimilation rates when calculated on weekly basis were highest 
for LD plants and lowest for SD plants. On the other hand when calculations 
of assimilation rates were made per hour of illumination the differences 
disappeared. The slightly lower value for LD plants was due to the use of 
artificial illumination. It was therefore concluded that lesser dry matter 
production in SD plants was due to lesser quantity of carbohydrates produced 
in the reduced photoperiod and also due to greater losses in respiration and 
not due to lower photosynthetic efficiency of these plants. 

5. Water content declined with age and the fall was most rapid in LD 
plants and slowest in SD ones thus maintaining a higher level in SD plants 
for a longer duration. 

6. Correlation between growth and development has been discussed. 


ik 


9) 


6. 
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Observations on the ’Staling’ of White’s Medium 
by Excised Tomato Roots 


By 
H. E. STREET and Morra P. MCGONAGLE 


Department of Botany, The University, Manchester, England 


and 


J. S. LOWE ? 


Department of Botany, The University, Nottingham, England 
(Received July 25, 1951) 


The growth of excised tomato roots in White’s medium has been shown 
(Dormer and Street, 1949; Street and Lowe 1950) to cause a progressive drift 
towards alkalinity and an accumulation of monosaccharides as the sucrose 
is utilized. Diminished growth of the root tip inocula occurs if the initial pH 
of the medium is adjusted towards alkalinity and if either dextrose or 
laevulose is added. Also there is a decline in the growth rate of the main 
axis in the standard medium after the 4th or 5th day (Street and Lowe 1950). 
The present investigation was therefore undertaken to see if a progressive 
reduction in the growth-promoting activity of the medium accompanied root 
growth under the conditions adopted in our laboratories and to assess how 
far the pH drift and monosaccharide accumulation could account for any 
such reduction of activity. The experiments reported; together with other 
work now in progress, have shown that the excised tomato root causes 
hitherto unappreciated changes in the composition of the culture medium. 


1 Present address: Glaxo Laboratories Ltd., Stoke Poges, Bucks., England. 
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Experimental 


Culture technique 


The general culture technique has been described in earlier papers (Dormer and 
Street, 1949; Street and Lowe, 1950; Boll and Street, 1951). A clone of excised tomato 
roots (Best-of-All) now in its 140th passage was used in all experiments. The normal 
method of maintaining a clone of excised roots is to subculture the stock cultures 
every week. These are either tip cultures or sector cultures in alternate weeks, or are 
always in sector form (this is now the general practice at Manchester). A sector 
culture is obtained by excising from a main axis a 10—15 mm. portion carrying 5 or 
6 laterals (each between 2 and 5 mm. long) and transferring it to a flask of fresh 
medium. During culture the laterals increase in length and develop second-order 
laterals, so that a 6—7-day-old sector can be used to establish both new sector and 
new tip cultures. Quantitative experiments involve study of the growth and develop- 
ment of tip cultures and, as far as possible, tips from any one sector are evenly 
distributed between the experimental media. 

White’s medium (White, 1943) was used as the standard medium in Experiments 
No. 1, 2, 3, & 10 which were conducted by two of us (H.E.S. and J.S.L.) in the 
Dept. of Botany, University of Nottingham. In the other experiments carried out at 
Manchester, this medium was modified by the addition of 0.005 p.p.m. Cu as copper 
sulphate and 0.001 p.p.m. Mo as molybdic acid (Boll and Street, 1951). Cultures 
were incubated at 27+0.5° C. unless otherwise indicated. 


I. The growth of excised tomato roots in various volumes of 
standard medium 


Experiments No. 1 and 2 


These experiments were undertaken to compare the daily increases in 
length of the main axis and in the number of laterals when roots are grown 
in 50 ml. and in 200 ml. standard medium. 


The 50 ml. medium was contained in 125 ml., and the 200 ml. medium in 500 ml. 
wide-mouthed conical flasks. In Experiment No. 1, 20 flasks of each volume were 
inoculated and stored in a dark room at temperatures which ranged from 28—31° C. 
during the growth period. Measurements of root length and counts of lateral number 
were made each day for 7 days by observation through the flask as recommended 
by White (1943). In Experiment No. 2, 90 flasks of each volume were inoculated 
and stored in a dark room at 24—26° C. Measurements were made through the 
flasks up to the 4th day of culture. From the 5th to the 9th day inclusive, a random 
sample of 15 cultures for each volume was harvested daily and the roots measured. 
This harvesting eliminated the errors involved in measuring large roots through the 


glass of the flask. 


The results of Experiment No. 1 are shown in fig. 1. It is clear that up to 
the end of the 4th day the increase in length of the main axis was unaffected 
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by the volume of the medium but that from then onwards a retardation of 
the rate of increase occurred in 50 ml. medium and that the curves in- 
creasingly diverge from the 4th day to the end of the 7-day period. A similar 
retardation of lateral root formation took place in 50 ml. medium from the 
end of the 5th day of culture. These findings were confirmed in Experiment 
No. 2, the results of which are not presented in detail, though at the lower 
temperature the check in main axis growth in the 50 ml. flasks was not 
apparent until the end of the 7th day and that in lateral formation until the 
end of the 8th day. Thus the decline in growth rate which occurred in 50 ml. 
medium after the 4th or 5th day in culture is delayed by the use of a larger 
volume of medium. 


Experiments No. 3 and 4 


These experiments were undertaken to study the root growth and drift in medium 
pH occurring after 1, 2 and 3 week incubation periods in volumes of medium ranging 
from 10 ml. to 2000 ml. 

Experiment No. 3 comprised 20 cultures in 10 ml. medium; 40 in 25 ml.; 60 in 
50 ml.; 50 in 200 ml. and 10 in 500 ml. Conical flasks of 25 ml. capacity were 
used for the 10 ml. cultures, of 100 ml. capacity for the 25 ml. and 50 ml. cultures, 
of 500 ml. capacity for the 200 ml. cultures and of 1000 ml. capacity for the 500 ml. 
cultures. After 7 days, 20 cultures in 10 ml., in 25 ml., in 50 ml. and in 200 ml. 
and after 14 days, 20 cultures in 25 ml., in 50 ml., and in 200 ml. were harvested. 
The remaining cultures were harvested 21 days from inoculation. The roots were 
dried at 60° C. for 24 hours and the mean dry weight per root obtained (mg.). 


OBSERVATIONS ON THE ’STALING’ OF WHITE’S MEDIUM 595 


pH determinations for the initial medium and at each harvest were made on 5 
separate flasks from each treatment. 


Experiment No. 4 was conducted in two parts. Part A comprised 25 cultures 
for each of the following volumes of medium: — 25 ml., 50 ml., 100 ml., 200 ml. 
and 500 ml. These cultures were incubated for 7 days. Part B comprised 25 cultures 
for each of the volumes 25 ml. and 50 ml.; 50 cultures for each of the volumes 
100, 200, 500 and 1000 ml. (2000 ml. F.B. boiling flasks) and 3 cultures of 2000 ml. 
(5000 ml. F.B. boiling flasks), 25 cultures from 100 ml., 200 ml., 500 ml. and 
1000 ml. were harvested after 14 days’ growth and the remainder after 23 days’ 
growth. At each harvest, the length of the main axis was measured, the number of 
first-order laterals counted and the dry weight per root determined. pH values were 
obtained as in Experiment No. 3. 


The results of Experiments No. 3 and 4 are given in fig. 2—4. They show 
that retardation of growth occurred within the first 7 days of culture in 
volumes of medium below 100 ml. and that such retardation was particularly 
marked in the 10 and 25 ml. cultures. Extension of the culture period to 14 days 
required the use of at least 500 ml. medium to obtain maximum increase in 
dry weight and with a growth period of 21—23 days, dry weight was still in- 
creasing up to the largest volume tested (2000 ml.). Between day 7 and day 
14 of culture, the main axis continued to grow with undiminished rate in 
volumes of the order of 500—1000 ml. but even with 2000 ml. medium little 
further growth of the axis occurred during the third week of culture. The 
increase in the number of first-order laterals closely paralleled the increase 
in length of the main axis. After 7 days, second and third-order laterals made 
their appearance and from visual inspection it was obvious that their develop- 
ment increased with increase in volume and thereby caused a very marked 
rise in the number of potentially active meristems. The growth of these 
additional laterals probably accounted for the fact that the steep rise in dry 
weight with increase in volume was not paralleled in the older cultures by 
corresponding increases in the number of first-order laterals or in the length 
of the main axis. 

An alkaline drift in pH occurred in all cultures. How far roots developed 
in any particular culture were capable of growing at unfavourable pH was 
not known, but it may be accepted that pH 5.2—5.4 (Experiment No. 7) is 
the limit above which growth is seriously retarded so that a rise from the 
initial pH of 4.4 to 4.6 of more than 0.8—1.0 pH units should indicate that 
ihe medium was then supporting little or no growth. If this is the case, then 
at the end of 7 days’ culture, growth must have been very much retarded 
in volumes of 50 ml. or less. At the end of 14 days’ culture, only volumes 
in excess of 500 ml. can have been capable of supporting active growth, and 
by the end of 3 weeks in culture, growth must have been severely retarded 
in all volumes tested. These deductions accord well with the growth data. 
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Fig. 2. Values for dry weight per root (mg.) of excised tomato roots grown in different 
volumes of standard medium for 1, 2 and 3 weeks (Exp. No. 3 and 4). 


Although during active root growth the drift in medium pH is roughly pro- 
portional tc the amount of growth, no such proportionality can exist as the 
pH changes from pH 5.2—5.4 to such high values as 6.5—7.0. 

It follows from the above experiments that in quantitative work using 
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Fig. 4. The extent of alkaline drift in pH which occurred when excised tomato roots were 
grown in different volumes of standard medium for 1, 2 and 3 weeks (Exp. No. 3 and 4). 
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White’s medium as a basis for nutrient treatments, any extension of the 
growth period beyond 7 days, or use of a 7-day period with less than 50 ml. 
medium per root, will result in enhancement of those changes in medium 
composition which retard growth. Particularly with media of high growth- 
promoting activity, this will finally give a root which less faithfully reflects 
the nutrient status of the initial medium; conversely, with media of low 
growth-promoting activity, this ’staling’ effect may be expected to be less 
marked. Therefore growth differences resulting from different treatments 
will generally be more easily established when the experimental conditions 
reduce ’staling’ to a minimum. 


II. The influence of the length of the sector culture passage on 
the subsequent growth of root tip inocula 


It is important that all tips are excised during that stage in the develop- 
ment of the sector culture when they are capable of the most rapid growth 
in the subsequent experimental passage. It might be expected that a sector 
which had not yet reached its maximum growth rate, or which had been 
checked by ’staling’ of the medium would yield less active tip inocula. Thus 
’staling’ would impose a limit to the duration of the sector passage which is 
compatible with the requirement for tips of optimum growth potentiality. 


Experiments No. 5 and 6 


In Experiment No. 5, tips were excised from a random sample of sectors at the 
end of the 2nd, 4th, 6th, 8th and 11th days of the sector passage, and on each 
occasion 30 flasks of 50 ml. standard medium were inoculated. Similary in Experi- 
ment No. 6, 30 cultures were established at the end of the 3rd, 5th, 7th, 9th and 
12th days of the sector passage. These tip culture were harvested and measured after 
they had grown for 7 days. Experiments 5 and 6 were performed on separate 
occasions, using sector cultures of different passages, but the close agreement 
between the results has made possible the presentation of the data for both experi- 
ments in fig. 5. Each point in this figure represents the mean of measurements on 
the 30 cultures established at that time interval. 


The results (fig. 5) showed a steady rise in the growth obtained in the tip 
culture passage with increase in the age of the sector culture up to the 7th 
or 8th day, when maximum values were obtained. Increase in the duration 
of the sector passage beyond 8 days caused rapid decline in the growth 
achieved in the tip culture passage. It is clear that the duration of the sector 
passage should not exceed 8 days and that 7—8 days is optimum for the 
present clone, medium and incubation temperature. 
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Fig. 5. Increase in length of main axis 
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vals from sector cultures of a clone of 
tomato roots and grown for 7 days in 
50 ml standard medium (Exp. No. 5 
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III. Influence of the pH of the medium on the growth of 
excised tomato roots 


(a) Sensitivity of different sizes of inocula to the initial pH of the medium 


In previous work it was shown that 10 mm. excised root tips are very 
sensitive to the initial pH of the medium and that their growth rate is very 
slow in m2dia more alkaline than pH 5.0 (Street and Lowe, 1950). It was 
possible, however, that the sensitivity of such inocula to alkaline pH might 
be more marked than that of the apices of whole roots growing in culture. 
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The sensitivity of the root tip inocula might be enhanced by injury inflicted 
by excision or by removing the apex from any influence exerted upon it by 
the more mature parts of the root. If either of these factors were of import- 
ance, then longer inocula should be less sensitive to the initial pH of the 
medium. 


Experiment No, 7 


Root tips 10, 20 and 30 mm. long were inoculated into media, adjusted where 
necessary by addition of sodium hydroxide, having pH values of 4.4, 4.8, 5.0, 5.2. 
Each treatment was represented by 20 replicate cultures. After 7 days’ growth the 
roots were harvested and measured and the final pH of the solution determined. 
The results are shown in Table 1. 


It is evident from the results presented in Table 1 that the sensitivity 
of all inocula to media of pH 5.0 and 5.2 was equally marked. In media of 
favourable pH, the greater growth of roots from 20 and 30 mm. inocula as 
compared with that from 10 mm. tips, would be due, at least in part, to 
the presence in such inocula of lateral root initials which, in the older regions, 
were beginning to push through the cortex. It may also be expected that 
with the larger inocula the rate of increase in length of the main axis would 
reach its maximum value earlier in the growth period. In all cultures the 
pH drift was roughly proportional to the growth occurring. The somewhat 
greater drift obtained with the larger inocula, particularly in media of un- 
favourable initial pH, was probably due to the influence exerted by the 
inoculum piece itself since in these cases it represented a high proportion of 
the total tissue of the final root. 


Table 1. The effect of inoculum length and of initial pH of the medium on the growth of 
excised tomato roots. (Expt. No. 7.) 


Initial pH. of the medium 
4.4 | 4.8 ha == 5.0) 5.2 

Inoculum length (mm) ............[ 10 | 20 | 30 |10 |20 | 30 |10 |20 |30 |10 |20 30 
Increase in length of main axis 

ke RR rn 58 | 63 | 63 |37 |39 | 44 |26 |32 |26 |14 | 8 125 
No. of laterals per root...........- 3121733212412 11429242 102522921192 1182161582115 
Length of laterals per root (mm)|112 |208 |256 [#41 |95 |140 |28 [73 |86 16 |20 |64 
pH drift to alkaline side ......... 1.11 1.3] 1.2] 0.6] 0.7) 0.8] 0.5} 0.6] 0.7] 0.1] 0.3] 0.4 


(b) Stabilisation of the medium pH 


Whites medium contains 21.5 mg./l. sodium dihydrogen phosphate 
(NaH,PO, : 2H,0) and the unadjusted initial pH of the medium at 4.3—4.6 
suggests that this salt may function as a buffer and that pH drift could be 
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checked by increase in its concentration. Glasstone (1947) has cultured excised 
tomato roots in a medium of initial pH 4.8 in which the phosphate was 
supplied as ammonium dihydrogen phosphate (NH,H,PO,) at a concentra- 
tion of 0.00025 M. This solution did not show any appreciable change of 
pH when single tomato roots were grown from 10 mm. tips in 25 ml. medium 
for 7 days. It is known from the work of Prince, Jones and Shive (1922) 
and of Trelease and Trelease (1933) that in water cultures the nitrate/ 
ammonium ratio acts as a physiological buffer system, solutions drifting 
alkaline when containing their nitrogen entirely as nitrate and acid when 
only ammonium nitrogen is supplied. Pratt and Fong (1940) have been able 
to stabilise the pH of their Chlorella culture solution by substituting ammo- 
nium sulphate for part of the potassium nitrate. Since the inorganic nitrogen 
of White’s medium is all in the form of nitrate it seemed possible that its 
drift in pH could be checked by the introduction of ammonium ions. 


Experiment No. 8 


40 flasks of each of the following media were inoculated: (i) standard medium; 
(ii) standard medium modified by addition of sodium dihydrogen phosphate to give 
concentrations of X2, X5, and X10 that in the standard medium; (iii) standard 
medium modified by replacement of the sodium dihydrogen phosphate by ammonium 
dihydrogen phosphate to give X1, X2, X5 and X10 the standard concentration of 
phosphate. Before inoculation, and at the end of the 4th, 5th, and 6th day of culture, 
5 flasks of each medium were taken for pH determinations. At the end of the 7th 
day all remaining cultures were harvested, the roots measured and pH determina- 
tions made on the medium. The initial pH values of all media were within the range 
4.30 to 4.46. The mean increase or decrease in pH value for each medium during 
culture is shown in fig. 6. The growth achieved in all media, with the exception 
of that containing 10 the standard concentration of NaH,PO, :2H,O, was similar 
in that all values for increase in length of the main axis were in the range 79—105 
per cent. of the value for the standard medium, and for the number of laterals per 
root within the range 84—103 per cent. of the standard value. Length of laterals 
per root was increased by using ammonium dihydrogen phosphate, particularly at 
the lower concentrations, and was depressed by increasing the concentration of the 
sodium salt. With X10 the standard concentration of sodium dihydrogen phosphate, 
increase in length of the main axis was reduced to 60 per cent., number of laterals 


per root to 51 per cent. and length of laterals per root to 43 per cent. of the values 
for the standard medium. 


Increasing the concentration of sodium dihydrogen phosphate effected a 
temporary stabilisation of pH, but in concentrations up to X5 the standard 
concentration gave solutions which by the 7th day of culture had pH values 
sufficiently alkaline to inhibit growth (fig. 6). The unsatisfactory stabilisa- 
tion achieved, together with the indication of an unfavourable effect of high 
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NoHz PO4 2H20 


FES NH, H2 POy 


DECREASE © 


Fig. 6. Changes in pH of the medium with time, of 50 ml. cultures of excised tomato roots 

growing in medium containing various concentrations of sodium dihydrogen phosphate 

(NaH2PO4 -2H20) and in medium containing various concentrations of ammonium dihydro- 

gen phosphate (NH4H2PO4). P —1.0 indicates that the medium contains the concentration 
of phosphorus present in the standard medium (Exp. No. 8). 


phosphate concentration, does not recommend this as a method of preventing 
pH drift in our cultures. The use of ammonium dihydrogen phosphate 
prevented the alkaline drift and caused the medium to become slightly acid. 
This change to the acid side was always below 0.4 units of pH (fig. 6). The 
stabilisation of pH by ammonium ions was not, however, associated with 
any increase in length of the main axis or number of laterals per root when 
these were determined after 7 days’ growth. This result could arise if the 
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growth of the main axis was slower in the presence of ammonium ions but 
proceeded at its maximum value for a longer time due to the pH stabilisation. 
The enhancement of lateral length in the presence of ammonium ions may 
be due to the fact that lateral development takes place mainly in the second 
half of the 7-day growth period, by which time the pH of the nitrate solutions 
has become unfavourably alkaline. In another connection experiments have 
been carried out in which the sodium nitrate of the standard medium was 
replaced by ammonium nitrate and the roots measured after 7 days’ growth. 
It was then found that, at concentrations of ammonium nitrate which 
supplied the standard or above the standard concentration of nitrate, there 
was, as compared with roots grown in standard medium, an increase in 
lateral length not accompanied by any significant increase in the length of 
the main axis or in the number of laterals per root. It was therefore necessary 
to study the progress of root growth in standard medium and in medium in 
which the sodium nitrate was replaced by ammonium nitrate at a concentra- 
tion giving the same nitrate content. 


Experiment No. 9 


100 cultures were established in standard medium and 100 cultures in a medium 
in which the sodium nitrate was replaced by ammonium nitrate at a concentration 
giving the same nitrate content. Up to the end of the 12th day a random sample 
of 15 cultures from each treatment was harvested at 48-hour intervals and the roots 
measured. The results are shown in fig. 7. 


In the standard medium growth in length of the main axis was checked 
after the 6th day and had ceased by the 8th day. In the ammonium nitrate 
medium a steady rate of growth of the main axis was maintained throughout 
the culture period (fig. 7). After 6 days’ growth the number of laterals per 
root was higher for roots from standard than from ammonium nitrate 
medium, but by the end of the 8th day the position was reversed and sub- 
sequently the ammonium nitrate roots gave higher values. The most marked 
contrast, however, was in the values for the total length of first-order laterals 
per root. Up to the end of the 6th day similar values were recorded for both 
treatments, but from the 8th day onwards lateral growth was very much 
greater in the ammonium nitrate than in the standard medium. This was 
associated with a more marked development of second-order laterals in the 
former solution. As was thought probable in the previous experiment, growth 
in length of the main axis in the ammonium nitrate medium never reaches 
as high a rate as in the standard medium but continues unchecked for a 
longer period due to pH stabilisation. By extending the culture period from 
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Fig. 7. Increase in length of 
main axis (mm), number of 
laterals per root and total 
length of laterals per root (mm) 
for excised tomato roots har- 
vested at intervals from 50 ml. 
cultures in standard medium 
and in this medium modified 
by substituting ammonium ni- 
trate for sodium nitrate at a 
concentration giving the same 
concentration of nitrate — N. 
(Expt. No. 9). 
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7 to 12 or 14 days, the roots supplied with ammonium nitrate equal or 
exceed (Expt. No. 13, Table 4) those in standard medium as far as main 
axis length is concerned and give higher values for lateral number and in 
particular for lateral length. These results show that the standard medium 
supports a high rate of growth until the alkaline pH drift begins to exert its 
effect. When this occurs, the established and previously rapidly-growing roots 
seem to be susceptible to unfavourable pH in a way comparable to that 
observed using root tip inocula (Expt. No. 7, Table 1). 
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IV. The direct effect of pH as only one factor in the ’staling’ 
of White’s medium 


(a) Assay of the growth-promoting activity of ’staled’ medium 
by re-inoculation with root tips 


The decline in the growth rate of excised tomato roots was delayed, but 
apparently not prevented, by stabilisation of the pH of the medium as is seen 
by extension of the growth period in media containing ammonium nitrate 
(Expt. No. 9). Therefore factors other than change in pH appeared to be 
involved in the phenomenon of ’staling’. It was possible to demonstrate the 
operation of these other factors, to estimate the intensity of their retarding 
effect and to follow their development with time, by growing root tip inocula 
in medium which had previously supported growth but which had been 
adjusted to the pH of new medium. 


Experiment No. 10 


140 flasks, each containing 50 ml. medium, were prepared and 120 were inoculated 
with 10 mm. tips. On the 4th, 7th, 11th and 14th days of the growth period, 30 
cultures were harvested and the medium collected, bulked, redistributed to new 
flasks and re-autoclaved. pH determinations were made on each bulk sample and 
on the medium from 3 flasks after resterilisation. Cultures were then established 
in 20 flasks of the original standard medium and in 20 flasks of each of three samples 
of ’staled’ resterilised medium. After 7 days’ growth all roots were harvested and 
measured (Table 2.). 


Despite the favourable pH of all the solutions inoculated, there was a pro- 
gressive decrease in the growth-promoting activity of the medium with in- 
crease in the time during which it had previously supported growth. Roots 
growing in the ’staled’ medium had a distorted main axis and very short 
irregular laterals and these effects were most noticeable in the 11-day sample. 
Resterilisation caused a drift in pH to the acid side which was especially 
marked in the samples which had become most alkaline as a result of root 
growth. Autoclaving of new standard medium never caused a shift of more 
than 0.2 pH units and even with new medium adjusted up to pH 6.0 with 
sodium hydroxide, the drift rarely exceeded 0.3—0.4 units. Because of this 
acid drift during the autoclaving of the ’staled’ medium, it was possible 
to obtain with 11-day-old solution a pH within the range most favourable 
to growth without the addition of hydrochloric acid. Simultaneously, how- 
ever, it raised the question of how far the second autoclaving might have 
modified the growth-promoting activity of the medium in other respects. 
Experiments were therefore carried out to find a satisfactory technique for 
sterilisation by filtration. 
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Table 2. The growth promoting activity of ’staled’ medium adjusted in pH by a second 
autoclaving (Exp. No. 10), assayed by inoculation with excised tomato root tips. 
eee 


Culture medium 
Features measured Standard| standard medium after supporting growth 
(mean values) medium for periods (in days) as shown 
4 7 11.5 
nia pone, SURMMET 5: 4.5 4.9 51 6.2 68 
pH after resterilisation............ 4.5 4.6 4.7 5.1 
Increase in length of main axis not 
(mm/culture/day) ............... 12.5 BED bel 1.6 inoculated 
No. of laterals per root ......... 22 16 16 5 


Seitz, Berkfeld and Pasteur filters, after prolonged washing with dilute 
hydrochloric acid followed by distilled water, were found to cause little 
change in the pH of the standard medium during its filtration. However, 
when these filters were sterilised (as is necessary immediately prior to their 
use) either by autoclaving or by dry heat, they caused a marked alkaline 
shift in medium pH and this could not be prevented by washing with the 
maximum quantity of sterile distilled water which the filtration apparatus 
could receive. Standard medium sterilised by these filters and subsequently 
adjusted aseptically from alkalinity to a favourable pH, had only a very low 
growth-promoting activity. The unsuitability of such filters for sterilisation 
of a modified Burström root culture medium (Burström, 1941) has also been 
reported by Almestrand (1950). It was found that Pyrex sintered-glass steri- 
lising filters (porosity H. 5.) cleaned with a suitable cleaning mixture (e.g., 
a 5 per cent. solution of sodium nitrate in approximately 70 per cent. sulphuric 
acid) well-washed with distilled water, sterilised by autoclaving and then 
washed through with sterile distilled water (500—1000 ml. for 2 '/, in. dia- 
meter disc) will sterilise the standard medium without change in pH or loss 
in growth-promoting activity. Each filter was built into an all-Pyrex appa- 
ratus which allowed of filtration under vacuum and aseptic distribution of 
the filtrate, in quantities of 50 ml. or less, into sterile culture flasks. Using 
this technique experiments were undertaken to determine, without the com- 
plication of an additional heat sterilisation, the loss of growth-promoting 
activity which is not due to the effect of pH and to assess the importance 
of monosaccharide accumulation in this decrease in activity. 


Experiments No. 11 and 12 


50 ml. standard medium which has supported the growth of excised tomato roots 
for 7 days at 27° C. contains monosaccharides at concentrations of the order of 
0.75 g/l. dextrose and 1.5 g/l. laevulose (Dormer and Street, 1949). 


40 
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Table 3. The growth-promoting activity of ’staled’ medium adjusted in pH and either 

redistributed aseptically or sterilised by filtration, and of standard culture medium con- 

taining added dextrose and laevulose, assayed by inoculation with excised tomato root 
tips. (Exp. No. 11 and 12). 


Culture medium 
7-day staled Standard culture medium 
Exp. Features ne Standard en 0.75 gj1+ 
> N culture | crorilised by | 0.75+ g/l| 1.5+ g/l | dextrose 
medium filtration | dextrose laevulose | 1.5 g/l+ 
laevulose 
Initial p Hig... ee 4.5 4.7 4.4 4.4 4.4 
Increase in length of main 
11 axis (mm/culture/day) ...... 11.9 8.8 10.0 10.6 9.3 
No. of laterals per root ...... 23 20 18.5 18.5 2 
Length of laterals per root 
(ma Geese eee ene tae 174 124 149 159 150 
Aseptically 
redistributed 
Initials pH iin. ee 4.5 4.6 4.4 
12 | Increase in length of main 
axis (mm/culture/day) ...... 12.7 9.0 8.4 
No. of laterals per root ...... 26 17 16.5 
Length of laterals per root 
COR MO 183 99 135 


Experiment No. 11 comprised 60 flasks of 50 ml. standard medium and 25 flasks 
of each of the following modifications of this medium: — (I) +0.75 g/l. dextrose; 
(II) +1.5 g/l. laevulose; (III) +0.75 g/l. dextrose +1.5 g/l. laevulose. 35 flasks of 
standard medium were inoculated, incubated for 7 days, and the solution collected. 
When bulked, it had a pH of 5.6 which was adjusted to pH 4.4 with 0.1N ’Analar’ 
hydrochloric acid prior to filter-sterilisation. 50 ml. aliquots of the filtrate were 
then distributed aseptically into each of 25 sterile culture flasks. 20 flasks of this 
’staled’ medium and of each of the other media were inoculated and the roots 
harvested and measured after 7 days’ growth. The remainder of the flasks were 
used for determination of initial pH values. 

Experiment No. 12 comprised 50 flasks of standard medium and 25 flasks of 
this medium modified by the addition of 0.75 g/l. dextrose+1.5 g/l. laevulose. To 
obtain ’staled’ medium, 25 flasks of the standard culture solution were inoculated 
and the medium collected aseptically when it had supported growth for 7 days. 
The bulked medium had a pH of 5.4. A 50 ml. sample was withdrawn and titrated 
with standard hydrochloric acid to pH 4.5. The calculated quantity of sterile U.1N 
hydrochloric acid was then added to the bulk, and 50 ml. of this adjusted medium 
distributed aseptically to each of 25 sterile flasks. 20 flasks of each medium were 
inoculated and the remaining 5 were used as before for initial pH determinations. 
Roots were harvested and measured after 7 days’ growth. 


The results of Experiments No. 11 and 12 are given in Table 3. They con- 
firm that the growth of excised tomato roots in White’s medium results in a 
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reduction of its growth-promoting activity other than that due to the direct 
effect of pH. This reduction was demonstrated in 7-day-old medium from our 
Standard 50 ml. cultures. Experiments (e.g. Expt. No. 10) in which such 
'staled’ medium was subjected to a second autoclaving, exaggerate the magni- 
tude of this reduction in activity. The addition of monosaccharides to new 
medium in the quantities to which they accumulate during the 7-day culture 
period effected a reduction in growth-promoting activity when such activity 
was determined by the growth of tip inocula as in the above experiments. 
If root growth were assessed merely by the increase in length of the main 
axis, the conclusion could be drawn that, at least in medium ’staled’ for 
short periods, the monosaccharide accumulation together with change in 
pH could account completely for the decrease in growth-promoting activity. 
However, the ’staled’ medium did have a greater retarding influence on 
lateral root growth than did the monosaccharide — containing new media and 
this suggested that factors other than pH and monosaccharide accumulation 
were involved. Experiments in which more marked ’staling’ occurred would 
perhaps reveal such additional factors, whose effects might be obscured 
during the early stages of ’staling’. It has also to be borne in mind that in 
assessing the effectiveness of any ’staling’ factor, it is important to consider 
it as it operates against the developing root and in this respect the response 
of new tip inocula may be misleading. 


(b) Assay of the growth-promoting activity of ’staled’ medium by determina- 
tion of the growth of the whole roots between the 7th and 14th day in culture 


The experiments described in this section were designed to study the effect 
of medium composition upon the growth occurring between the 7th and 14th 
day of culture. This growth was assessed in all cases by determination of the 
mean increase in dry weight per root and in Experiments No. 14 and 15 
determinations were also made of the increase in length of the main axis and 


in lateral number. 


Experiment No. 13 


The following were prepared: — 180 flasks containing 50 ml. of standard medium, 
30 flasks each of this medium modified by (i) addition of 0.75 g/l. dextrose +1.5 g/l. 
laevulose; (ii) adjustment of pH towards the upper limit suitable for growth and 
(iii) addition of monosaccharides combined with pH adjustment. After sterilisation, 
initial pH values were obtained using 5 flasks from each medium. 150 flasks of 
standard medium were inoculated with root tips. After 7 days, 25 cuitures taken at 
random were harvested, dried in batches of 5 roots at 60° C. for 24 hours and the 
mean dry weight per root determined. The medium from which these roots were 
harvested was used for pH determinations. At the same time, 25 roots were trans- 
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ferred aseptically to new standard medium and to each of the three modified 
media. These, together with 25 roots remaining in the medium which had supported 
their growth for the first 7 days, were then incubated for a further 7-day period. 
Mean dry weights per root and final pH values for each medium were determined 
as above. 


Experiments No. 14 and 15 


The general-plan of these experiments was as described for Experiment No. 13 
except that at each harvest the roots were measured and a count of first-order laterals 
made prior to determining their dry weights and that additional experimental media 
were employed (Table 4). In Experiment No. 15 the 7-day ’staled’ medium with pH 
adjusted was sterilised by filtration. The results of Experiment No. 13, 14, and 15 
are summarised in Table 4. 

The following conclusions can be drawn from the data in Table 4: (a) Sta- 
bilisation of medium pH by substituting ammonium nitrate for sodium 
nitrate results in a marked increase in the root growth which occurs between 
the 7th and 14th day of culture. (b) Adjustment of the pH of new standard 
medium to 5.0 and higher, reduces its growth-promoting activity even more 
markedly than does 7 days of root growth. Therefore the inhibition of growth 
due to alkaline pH drift is to some extent mitigated by other changes taking 
place simultaneously in the medium. (c) The addition of monosaccharides 
to new standard medium in concentrations approximating to those arising 
during a 7-day growth period does not have any deleterious effect on the 
growth of roots between the 7th and 14th day of culture. Thus the growing 
root does not show the sensitivity to low concentrations of monosaccharides 
observed with root tip inocula. At unfavourable pH, the presence of dextrose 
and laevulose enhances the growth-promoting activity of the medium, 
suggesting that it is the accumulation of monosaccharides which mitigates 
the effect of the alkaline pH of ’staled’ medium. (d) 7-day ’staled’ medium 
adjusted to a favourable pH has a lower growth-promoting activity than new 
standard medium containing monosaccharides. This clearly shows the opera- 
tion of as yet unidentified ’staling’ factors. 


Discussion 


The experiments described above emphasise that excised tomato roots 
cause changes in the composition of White’s culture medium which reduce 
its growth-promoting activity. The extent of these changes will be influenced 
by the characteristic physiology of the clone used, the amount of root growth, 
the length of the culture period, the volume and initial composition of the 
medium and the culture temperature. For the proper evaluation of many 
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Table 4. Assay of te growth-promoting activity of ’staled’ medium by determination of the 
growth of whole excised tomato roots between the 7th and 14th day in culture. 


(Exp. No. 13, 14 and 15). — 
EEE EN BETEN TEE TRIER. 


1 dextrose 0.75 g/l. 
2 Jaevulose 1.5 g/l. 
3 to give same concentration of nitrate — N as in standard medium. 


Panda Increase | Increase 
Exp. en natant in dry wt.| in length A De 
No. (days) per root | of main lat al TER: 
(mg) jaxis (mm) aterals | initial | final 
0—7 Standard culture medium .. 1.55 _ — 4.3 SE 
Same medium as from 0—7 
CERI Ste An neers 1.1 == — 5.5 6.5 
New Standard culture me- 
UE NE A UE ne 3.0 oe — 4.3 6.6 
13 New Standard culture me- 
7—14 dium + dextrose! + laevu- 
LOSE: ER ri. ee 4.7 — — 4,2 6.7 
New Standard culture me- 
dium of adjusted pH .... 1.0 — — 5.0 6.0 
New Standard culture me- 
dium of adjusted pH + 
dextrose + laevulose 2.2 — — 4.9 6.6 
Standard culture medium .. 1.9 69.3 25.2 4.3 5,3 
07 Culture medium containing 
NHANOS SEA art 57.1 19.1 4.4 4.2 
Same standard culture me- 
dium as from 0—7 days .. 17 4.6 8.6 5.3 6.2 
New Standard culture me- 
RE 2 D ne 3.5 21.6 9.6 4.3 6.1 
New Standard culture me- 
14 medium + dextrose + lae- 
LOSC LE oe 3.2 25.2 7.6 4.3 6.4 
7—14 New Standard culture me- 
dium of adjusted pH .... 0.9 2.5 2.0 5.4 6.2 
New Standard culture me- 
dium of adjusted pH + 
dextrose + laevulose 2.0 1241 2.8 5.2 6.0 
Same culture medium con- 
taining NH4NO3 as froin 
0—7 days ........... as 7.5 33.8 9.3 4.2 4.2 
New culture medium con- 
taining NH4NOs . ........ 6.9 21.3 7.8 4.4 4.3 
0—7 Standard culture medium .. 1.6 74.4 25.2 4.4 ya} 
Same standard culture me- 
dium as from 0—7 days.. 1.9 16.0 4.0 5.3 6.3 
7-day ’staled’ medium ad- 
15 justed in pH and sterilised 
7—14 Dyetiltratioyiers wate ascent 2.4 6.6 4.3 4.4 6.0 
New standard culture me- 
URN 3.8 Dot 7.1 4.4 6.4 
New standard culture me- 
dium + dextrose + laevu- 
OST. ER ane tate RER 4.0 31.9 8.5 4.3 6.5 
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aspects of nutritional physiology it is essential that the initial composition, 
and hence growth-promoting activity, of the culture solution should remain 
unchanged during the course of the experiment. This is normally achieved 
either by a continuous-flow method, by frequent renewal of the culture solu- 
tion, or by carrying out the critical observations over short periods of time 
during which the solution does not undergo any appreciable change. The use 
of continuously flowing medium is of extreme difficulty where sterility has 
to be maintained. Therefore the initial composition of the culture solution, 
the volume used per root and the duration of the experiment should be 
determined by the desirability of reducing to a minimum the effects of 
changes in medium composition. 

A standard method of procedure was adopted by White (1943). He elabo- 
rated a synthetic medium and used as culture vessels 125 ml. Erlenmeyer 
flasks each containing 50 ml. medium and one 10 mm. root tip as inoculum. 
Growth was assessed by measuring the length of the main axis and by a 
count of lateral roots after 7 days’ culture at 27—30° C. However, it is clear 
from his results that his clone of tomato roots, like the one used in the 
present experiments, suffered a check in growth from about the 5th day of 
the culture period. Bonner (1940) and Bonner and Devirian (1939), using 
excised tomato roots, usually grew two tips per Petri dish containing 15— 
20 ml. medium. With a 7-day growth period and an incubation temperature 
of 25° C. they assessed growth by increase in length of the main axis. Robbins 
and Schmidt (1938, 1939 a and b) and Robbins ana Stebbins (1949), in their 
work with excised tomato roots, inoculated 50 ml. medium with single root 
fragments carrying variable numbers of meristems, incubated the cultures 
at 25° C. and assessed growth by dry weight determinations after variable 
but always long periods — frequently after about 2 months. The media 
employed by these workers were essentially similar to that elaborated by 
White. With our clone, the effects of ’staling’ would dominate any results 
obtained by the method of Robbins, and to a lesser extent by the method 
used by Bonner. Bonner (1943), using his clone of tomato roots, has com- 
pared the growth achieved during 1 week in 25 ml. medium with that 
achieved during 1 month in 50 ml. medium. The average increase in length 
of the main axis in the first case ranged from 37—40 mm., and in the 
second was 58 mm. Thus it would appear that his clone ’staled’ the medium 
in a manner similar to ours. 

Where some of the experimental media are deficient in one or more essential 
growth factors, then even when marked ’staling’ occurs in the complete 
control solution, quantitative differences between growth in this and in the 
deficient media will be recorded. Obviously this is due to the fact that the 
deficiences bring about a check in root growth before the effects of ’staling’ 
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come into operation. Many of the experiments undertaken by Robbins and 
others to study the vitamin requirements of excised roots are of this kind. 
However, invalidation of experiments by ’staling’ is likely to occur where we 
are concerned with determining relative rates of growth from measurements 
made at the end of a culture period. For this type of experiment it is essential 
that the culture technique and time period are such that ’staling’ does not 
operate in any treatment as a quantitatively significant factor. For each 
clonal material the procedure adopted must be based on a previous study 
of growth curves and of changes in the composition of its culture medium. 

Freshly excised root tips do not necessarily respond to cultural treatments 
in the same way as older excised roots, as is shown in our experiments 
involving additions of dextrose and laevulose to the standard medium. This 
‘Suggests that the excised tip may be particularly sensitive to conditions pre- 
vailing during the first 24 to 48 hours of culture when, judging by the rate 
of increase in length of the inoculum, there seems to be a ‘lag’ phase. Thus 
it may be important in certain experiments to study not only the growth of 
excised tips in the experimental media but also the response to these media 
of young excised roots transferred aseptically after preliminary incubation 
in a standard medium. 

In most cases it has been possible to maintain root cultures by all of the 
following methods: — (I) by growth of laterals in sector culture, (II) by 
excising individual well-developed laterals carrying a small ’heel’ of older 
tissue, and (III) by repeated excision of the main tip (White, 1938, 1943; 
Bonner and Devirian, 1939; Bonner, 1940). The roots of some species (pea, 
flax, aster, chicory) do not readily form laterals in culture and in these 
cases it has been possible to carry out successive subcultures without diminu- 
tion in growth rate and with very infrequent failure of individual cultures, 
by excising the main tip at regular intervals and transferring it to new 
medium (White, 1938; van Overbeek, 1939; Bonner et al. 1937, 1939). It 
is however doubtful if main axis tips of excised tomato roots have been 
grown continuously through a series of subcultures. White (1940) may have 
propagated his roots in this way through 5 or more successive passages though 
he states that in those cases where the main root died, the growth increment 
was determined by measuring the most rapidly-growing single branch and 
his description does not preclude subculture by means of single laterals with 
a ’heel’ of older tissue. Glasstone (1947) recorded that a proportion of failures 
always accompanied attempts to propagate her clone of tomato roots by 
excision of the main tip, though the occurrence of such failures was apparently 
infrequent when the roots were grown in a modified culture solution prepared 
from specially purified materials and in which the only micro-elements 
intentionally supplied were copper and iron. Attempts have been made here 
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at Manchester to subculture the main apex of excised tomato roots through 
successive weekly passages in both White’s medium and a medium made to 
the formula of the clone-maintenance solution of Glasstone (1947) but these 
have met with failure (unpublished results of W. G. Boll). It is clear from 
Experiments No. 5 and 6 that the growth potential of lateral meristems, 
judged by their subsequent growth as tip cultures, at first increases and later 
declines as the sector passage is prolonged. These results emphasise the 
importance of controlling the length of the sector passage; an aspect which 
should be borne in mind when attempting to obtain in culture the roots of 
species which have hitherto proved refractory (unpublished results by J.S.L., 
working with rye roots). They also suggest that ’staling’ of the medium may 
not only check growth but cause permanent impairment and finally loss of. 
meristematic activity. Root tips which are at the moment incapable of suc- 
cessive subculture although provided with a medium which will support 
unlimited growth of the clone when it is propagated through new meristems, 
may either be particularly sensitive to non-specific ’staling’ or may by virtue 
of a characteristic metabolism either liberate into the medium or accumu- 
late in their cells substances causing loss of meristematic activity. Further- 
more, if excised roots liberate metabolic products into the medium and if 
these products are in any sense specific to the roots involved, or if roots 
differ in their sensitivity to such products, then we should be able to obtain 
interesting interactions between roots of different species or even between 
different clones of the same species or variety. The problem of ’staling’ 
described in this paper may therefore have very considerable physiological 
significance and it is from this standpoint that its further study is being 
carried out in our laboratory. 


Acknowledgment is made to the D.S.I.R. for a maintenance grant to one of us (J.S.L.). 


Summary 


1. Excised tomato roots cultured in White’s medium rapidly cause a reduc- 
tion in its growth-promoting activity. This reduction is partly due to the 
alkaline drift in pH resulting from root growth and can therefore be 
delayed by introducing ammonium ions into the medium. 

2. With the standard technique employed in the present experiments, exten- 
sion of the sector passage beyond 8 days adversely affects the growth in 
the subsequent tip passage. GRIS on is obtained using tips excised 
from 7—8-day-old sectors? 


3. It is shown that the roots are unable to grow in-the standard medium 
when its pH rises to 5.2. 


12. 


13. 


14. 
15. 


16. 
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Although excised tips are sensitive to inclusion of monosaccharides in the 
medium, it appears that the natural accumulation of monosaccharides 
which occurs during growth does not act as a ’staling’ factor but rather 
seems to mitigate the adverse effects of alkaline pH. 

Evidence is presented that additional and as yet unidentified factors are 
involved in the ’staling’ of White’s medium. 

The problems involved in the use of excised root cultures in quantitative 
physiological experiments, in the establishment of cultures of new species, 
and in the study of the interchange of materials between the root and its 
culture medium are discussed in the light of the experimental results 
presented. 
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The ability of conifer seedlings to develop chlorophyll even when held 
continuously in the dark has been known for a long time and was mentioned 
by Sachs in 1859. In 1924 Schmidt (1) observed that excised embryos of 
species of Pinus and Picea failed to green in the dark when grown on a 
synthetic medium, whereas they would retain the ability to do so if replaced 
in contact with the megagametophyte (macrogametophyte), or even with the 
megagametophyte of seeds of a different species. On the other hand, ground 
megagametophytic tissue proved unable to promote chlorophyll synthesis in 
excised embryos. The chlorophyll formed in the dark was found to be spectro- 
scopically identical with that formed in the light. Schmidts observations have 
been confirmed recently by Bogorad (2), who worked with seeds of Pinus 
Jeffreyi. This author made an attempt to determine the nature of the sub- 
stance, or substances, required by the embryo in order to render unnecessary 
the photochemical step in chlorophyll formation and evidently supplied by 
the megagametophyte. In discussing his data Bogorad suggests that the effect 
of the megagametophyte may be due to a capacity for incorporating inorganic 
magnesium into an ether soluble organic magnesium compound. As stated by 
Smith (3, 4) this is in etiolated barley seedlings a photochemical process 
probably related to chlorophyll synthesis. Smith and Koski (5) found that 
cotyledons of Pinus Jeffreyi, emerged in the dark, contained chlorophylls 
a and b in about the usual ratio, 3.7 : 1. 

An accidental observation in the course of another investigation lead to 
the present experiments on the dependance of the greening of excised 
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Table 1. Formation of chlorophyll in seedlings of Pinus Jeffreyi. 20° C. 


————————@2 — —— 


Entire seeds ger- 
Excised embryos grown on agar plates minated on wet 
filter paper 
Treatment 
Medium con-Medium con-|Medium con-|Medium con- 
taining no | taining no | taining 5 0/0 | taining5/o| Dark Light 
sugar, dark | sugar, light | glucose, dark | sucrose, dark 
Colour of yellowish green light green | light green green green 
seedling white 
Chlorophyll 
content, mg 0 0.66 0.04 0.04 0.41 1.0 
(a + b)/gm 
fresh weight 


embryos of Pinus Jeffreyi on the availability of dissolved sugars in the 
medium on which they are grown. 

Seeds of P. Jeffreyi were placed in water for a period of three hours. The 
hard seed coats were then removed, and the seeds were sterilized in a 1 per 
cent solution of bromine in water for ten minutes. The sterilized seeds were 
dumped into sterile water in a petri-dish placed under aseptic conditions in 
a Hansen sterile box. The subsequent operations all took place inside this 
box. The rinsed seeds were cut open without injuring the embryo, which 
was next removed by means of a flamed pair of forceps and placed on a 
sterile medium in a petri-dish (diameter 10 cm). The petri dishes were placed 
in the dark room, each under a separate metal hood painted black, immedi- 
ately following this procedure. The temperature of the dark room was 20° C. 
For experiments in the light the petri dishes were placed under natural light 
conditions in the window ssill. 

The medium used for growing excised embryos consisted of an ordinary 
inorganic nutrient solution added 1.5 per cent of agar, and when required 
an additional 5 per cent of sugar, either glucose or sucrose. The seedlings 
were grown on this medium for a period of sixteen days. For each chloro- 
phyll analysis 30 seedlings were collected and the roots were removed. The 
chlorophyll content of the tops was determined colorimetrically in a Pulfrich 
photometer, after extraction with methanol, in the manner described by 
Gabrielsen (6). 

The results of a typical set of experiments are presented in Table 1. 

The identity of the green pigment formed was established by the socalled 
phase test of Molisch. The fresh weights of seedlings grown in the dark on 
media with and without sugar were of the same magnitude. As can be seen 
from the table, excised embryos fail to green in the dark on an agar medium 
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containing inorganic nutrients exclusively. If, however, the medium contains 
5 per cent glucose or sucrose in addition to the inorganic nutrients, chloro- 
phyll formation occurs, though the amount formed is only slight compared 
to that formed in seedlings grown on a medium containing no sugars but 
placed in the light. For comparison the chlorophyll content of seedlings, 
developed normally from uninjured seeds germinated on wet filter paper in 
the light or in the dark, was determined. Even though chlorophyll forma- 
tion will take place in the dark, the accelerating influence of light on the 
process is considerable. This problem was dealt with quantitatively by Lubi- 
menko (7). Recently another aspect of the problem was elucidated by Ber- 
ner (8) who studied the influence of different light intensities on chlorophyll 
production in young conifers, about two years old, in their natural habitat. 

On a medium containmg as much as 10 per cent sugar, which was also 
tried, the growth, of the seedlings was markedly inhibited and excessive 
anthocyanine formation took place in the dark, less in the light. 

The results seem to indicate that the utilization of soluble sugars is in 
Seme way connected with chlorophyll synthesis in conifer seedlings in the 
dark. Bogorad (2) used Loo’s medium for the culture of pine embryos, but 
observed no greening of embryos deprived of the contact with their mega- 
gametophyte, even though this medium contains 2 per cent sucrose. Bogorad 
also grew excised embryos on a buffered aqueous extract of megagameto- 
phyte but unfortunately does not state any details regarding the preparation 
or the manner of application of the extract, which did not prove effective in 
promoting chlorophyll synthesis. Negative results were further obtained by 
Bogorad with a medium consisting of autoclaved megagametophyte and agar. 
Thus the concentration of soluble carbohydrates present seems to be of 
importance. It may be that energy derived from the respiration of sugars 
is involved either directly or indirectly, through the influence on some sub- 
stance essential in the processes substituting in conifer seedlings the photo- 
chemical transformations in chlorophyll synthesis. 


Summary 


The formation of chlorophyll in excised embryos of Pinus Jeffreyi has 
been studied. It was found that the presence of 5 per cent glucose or sucrose 
in the medium on which the embryos were grown caused a slight formation 
of chlorophyll to take place, whereas such a formation did not take place on 
a medium containing only inorganic nutrients. 


Thanks are due to the director of the laboratory, professor D. Miller, who 
originally suggested work on this subject. 
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Hanes (1) has shown that the mechanism whereby plant cells synthesize 
storage polysaccharide is one of phosphorylation. The enzymes responsible 
are phosphorylases and utilize the intermediate sugar hexose monophosphate 
for substrate. The reaction, 


hexose monophosphate= polysaccharide + phosphate 


has been studied in potatoes (2), peas (3), and other plants (4, 5). 

The particular polysaccharide synthesized in each instance, is dependent 
upon the type of phosphorylating enzymes present (2, 6). Polysaccharides of 
various complexities of chain lengths and degrees of branching have been 
isolated (1, 7). 

In the algae, phosphorylation has been studied by cytochemical methods 
(4, 8). The variety of polysaccharides reported as being present in this group 
makes the algae interesting from the standpoint of biochemical evolution. 
For example, glycogen has been reported as the polysaccharide synthesized 
by the various blue-green algae (9). Amylopectins are found in certain of the 
green algae. The main carbohydrate stored by the green aigae is starch. In 
general, plant cells containing chloroplasts and leucoplasts usually form 
starch. In the blue-green algae definitive plastids are absent, and, as reported 
by Yin (8), phosphorylase activity is spread throughout the cytoplasm and is 
not localized to any particular structure in the cytoplasm. 
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It will be the purpose of this preliminary study to describe the polysaccha- 
ride synthesis of a typical member of the blue-green algae, Oscillatoria. 


Experimental 


Cultures of Oscillatoria princeps were isolated by plating and grown on 
Chu No. 10 nutrient solution as modified by Gerloff et al. (10). 

A thirty day culture of mainly Oscillatoria princeps was washed thoroughly 
with distilled water. The material was centrifuged, and then drained on 
paper toweling. It was macerated in a cool mortar by grinding with quartz 
sand. All further operations were performed at 4—5° Centigrade. 10 ml. of 
a 1.8 per cent solution of sodium bicarbonate was added to each gram of 
wet macerated material and stirred thoroughly with it for about 30 minutes. 
The mixture was then filtered through Whatman 40 filter paper, and the 
green filtrate was neutralized to pH 7.0—7.2 using a Beckman pH meter with 
a glass electrode. The filtrate was quick frozen at — 10° C. It was stored in 
this way and was thawed at room temperature prior to use in the experiments. 

Reaction mixtures for the experiments were prepared as follows: 10 ml. of 
a buffer solution of 2 ml. of 2.4 per cent sodium bicarbonate and 1 ml. of 
0.13 per cent manganese sulfate in 20 ml. of distilled water, was used. Carbon 
dioxide gas was bubbled through this buffer at the rate of 6 liters per minute 
for 3 minutes at room temperature. Solid dipotassium glucose-1-phosphate 
(Schwarz Labs., N.Y.C.) was dissolved in 10 ml. of the aerated buffer so 
that the final concentration was 0.05 M. 

5 ml. of the extract, thawed at 30° C. for 30 minutes was added to the 
prepared reaction mixture after the pH of the mixture had been adjusted 
to 7.4. The mixture was incubated at 32° C. A sample was immediately with- 
drawn and dropped into ice-cold 10 per cent trichloracetic acid. Specimens 
were withdrawn at 10 minute intervals, treated as above, and phosphorus 
determined by the Fiske-Subarrow Method (11). 

The polysaccharide formed was tested for iodine absorption spectrum by 
a modification of Swanson’s method (7). A 2 ml. aliquot was withdrawn 
from the reaction mixture at 10 minute intervals and dropped into 6 ml. 
of 1}, N sulfuric acid. The mixture was filtered through Whatman 42 filter 
paper. 0.1 ml. of 0.3 per cent iodine in 1 per cent potassium iodide was added 
to 5 ml. of the filtrate. The color, developed after 3 minutes, was read in a 
Coleman model 14 spectrophotometer. A blank containing 0.1 ml. of the 
iodine test solution and 5 ml. of distilled water was used to zero the instru- 
ment at each wavelength used. 


The glucose value of the polysaccharide formed was obtained by pre- 
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cipitating the polysaccharide in a 1 ml. aliquot of the reaction mixture with 
2 volumes of 93 per cent ethanol. The precipitate was hydrolyzed with 1 N 
hydrochloric acid at 90° C. for 3 hours. Glucose was determined by the 
complex formed with anthrone (12). 

In order to insure that the polysaccharide formed during the course of the 
incubation was not being broken down by free amylases in the extract, 
1 gram of USP cornstarch powder was stirred with 10 ml. of extract for 
15 minutes. The mixture was then filtered. This process was repeated twice 
and should have insured the removal of all amylases from the extract (13). 


Results and Observations 


There was a liberation of inorganic phosphate and a synthesis of a soluble 
polysaccharide during the course of the reaction. At 32° C., the reaction 
reached an equilibrium point at the end of 64 minutes (Figure 1). No more 
phosphate was liberated at the end of 4 hours than was liberated in 64 


10 20 30 40 50 60 

MINUTES 

Figure 1. The: course of the reaction at 32° C. The period of incubation is shown on the 

ordinate, and the concentration of enzyme products on the abscissa. The black circles 

represent phosphate, and the black triangles represent the glucose value of the poly- 
saccharide formed. 
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Figure 2. Absorption Spectra of Polysaccharide-lodine Complex. (----) typical amylose- 
iodine spectrum; (----) spectrum of iodine-giycogen complex, glycogen obtained from 
Eastman Kodak Labs.; (——) spectra of Oscillatoria polysaccharide. Absorption is shown 


on the ordinate and wavelength on the abscissa. Note that during the course of its synthesis 
the absorption spectrum of Oscillatoria polysaccharide remains maximum at 550 mu. 


minutes. There was a correlation between this phosphate liberated and the 
glucose reduction value of the polysaccharide formed at the end of this 
period. This would seem to indicate that the formation of polysaccharide 
and the liberation of phosphate resulted from the utilization of the substrate, 
hexose monophosphate. 

The absorption spectrum of iodine-polysaccharide complex exhibited a 
single peak in the violet range at 550 my (Figure 2). Starch, the usual poly- 
saccharide of cells containing chloropiasts, shows its maximum absorption in 
two veaks, the heaviest at 650 my in the blue range (7). A sample of animal 
glycogen (obtained from Eastman-Kodak Labs.) exhibited a single peak in 
the red range at 420 my. 

It is possible to calculate the unit chain lengths of these polysaccharides by 
the method of Swanson (7). The chain length so obtained is from 14—16 
glucose residues long for the polysaccharides synthesized by the Oscillatoria 
extract. Glycogen from animal sources has a chain length of 12—17 units, 
while amylose (the main component of starch) has at least 35 glucose units 
per chain. 
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Discussion 


The synthesis of polysaccharide in Oscillatoria princeps is due to the action 
of phosphorylases on hexose monophosphate. There appears to be a simul- 
taneous release of inorganic phosphate from the hexose monophosphate and 
a synthesis of a water-soluble polysaccharide. This polysaccharide is not 
amylose or starch, having its maximum iodine spectrum in the violet range, 
but resembles animal glycogen. It is precipitated from solution by alcohol, 
is soluble in cold water, and is quantitatively converted to glucose by hydro- 
lysis with mild acid. It has a mean chain length of 14—16 glucose units. 
It maintains a single peak absorption spectrum throughout the course of its 
synthesis, unlike amylose (7). 

The results of this preliminary study seem to substantiate the claims that 
the polysaccharide formed by the blue-green algae is glycogen-like. Its rela- 
tionship to glycogen in being a branched chain polymer of glucose with short 
unit chains of from 14 to 16 glucose residues, its ready solubility in cold 
water, all tend to establish its identity as a type of glycogen rather than as a 
starch. It would thus appear that the blue-green alga, Oscillatoria is capable 
of synthesizing a quasi-animal product rather than the strictly plant types 
of starch. It may be that the absence of plastid structures in oscillatoria is 
responsible for this difference in phosphorylase types. It may thus be possible 
to establish a trend in evolution among the algae by a careful examination 
of the types of polysaccharides synthesized by each group, and hence, to learn 
of the differences existing among the basic enzymes in the algae. 


Conclusions 


1. The polysaccharide synthesized by the blue-green alga, Oscillatoria 
princeps, was obtained in vitro from the action of an extract of Oscillatoria 
on a buffered substrate of hexose monophosphate. 

2. This polysaccharide resembles animal glycogen in some of its properties, 
rather than any of the plant starches. It is soluble in cold water, is con- 
verted to glucose by hydrolysis with mild acid, and has a chain length of 
1416 glucose residues. Its iodine complex is violet and shows a maximum 
absorption peak at 550 my. 

3. The synthesis of this glycogen-like polymer is probably the result of 
phosphorylative activity. Hence, even plant cells containing no visible plastids 
are capable of forming storage polysaccharide and have a phosphorylating 
enzyme system. 
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The author is deeply indebted to Mrs. Miriam Fredrick for her reading of the 
manuscript and her criticism, and to Mr. Arthur Gentile, Department of Botany, 
University of Chicago for his assistance and advice. 
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Introduction 


In a previous study (1) it was shown that q-(1-naphthylmethylsulfide) - 
propionic acid (1-NMSP) was able to counteract the effects of 2,4-dichloro- 
phenoxyacetic acid (2,4-D), 1-naphthaleneacetic acid (1-NA) or indole-3-acetic 
acid (IA) in depressing rooth growth. Alone, 1-NMSP gave a conspicuous 
acceleration of the root growth when used in medium concentrations, which 
effect was thought to be caused by an antagonistic effect upon the native 
auxin, normally present in supra-optimum amounts. Some other naphthyl- 
methylsulfide-alkylcarboxylic acids have now been tested in a similar way. 
Only the results of root growth experiments (S-test, see 1 or 2) with pure 
antagonist solutions or with different combinations of antagonist and 2,4-D 
will be reported here, the interactions with other auxins being further studied 
at present. The naphthalene derivatives used, which have been obtained by 
the courtesy of Prof. A. Fredga, Uppsala, are as follows: 


CH, 
| 
de —- $ — CH — COOH CH, 
| 
AA NS OR art ea ee 
VW \\W/ (2-NMSP) 
1-NMSP: a-(1-naphthylmethyl-sulfide)-propionic acid (synthesis etc., 4). 
2-NMSP: a-(2- » » » » ( » »). 
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1-NMSA: 1-naphthylmethyl-sulfide-acetic acid, 
C,H, “CH, SS “Che COO es 
2-NMSA: 2-naphthylmethyl-sulfide-acetic acid. 
1-NMSB: «-(1-naphthylmethyl-sulfide) -iso-butyric acid, 
CH, CH; -S- C(CH,).- COOH, (4); 
2-NMSB: a-(2-naphthylmethyl]-sulfide) -iso-butyric acid, (4). 
1-NMSeA: 1-naphthylmethyl-selenide-acetic acid, 
GH: CHg- Se CH; COO: 
2-NMSeA: 2-napthylmethyl-selenide-acetic acid. 
1-NMSeV: 6-(1-naphthylmethyl-selenide) -n-valeric acid, 
Cote CH, Se GH, - CH, GE GH, COOP 


Effects of pure antagonists 


The results of all experiments in which the antagonists were tested without 
addition of 2,4-D, have been summarized in figs. 1—3. The curve for 1-NMSP 
which was previously given only for the range 10-*--10-° M (see Äberg, 
1: fig. 2), has now been worked out for lower concentrations also, showing 
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Fig. 1. Effects of the napthylmethyl-sulfide-propionic and -isobutyric acids on the root 

growth of flax seedlings. Root growth in per cent of control (G) plotted against a loga- 

rithmic concentration scale (M=mole per litre); n is the number of tubes, each with 14 
seedlings, represented by the points. 
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9 4108 107 106 405 10% 109 108 107 4106 «105 10° *M 
Fig. 2. Effects of the naphthylmethyl-sulfide-acetic and -selenide-acetic acids. Values pre- 
sented as in fig. 1. The G-value for 10—5 M 2-NMSA (118.7, n—41) is almost identical with 

that for 10-—5 M 1-NMSA (119.2, n=40). 


60 


20 


10-10 409 108 407 106 10°>5M 


Fig. 3. Effects of 2,4-D and of 1-NMSeV. Values presented as in fig. 1. 
1: Effects of 2,4-D in the presence of 10— M 1-NMSP. 
11: » > » » » » » 2X 10-5 M 1-NMSP. 
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Table 1. Root growth in 10—4 M 2-NMSP with various additions of IA. 
Values presented as in table 2. 


Root growth, relative values (C = 100) 
Exp. C n 10-4 2-NMSP + IA: 
0 | 10-9 | 10-8 | 10-7 | 10-8 
a 24.4 3 38.1 40.2 35.7 | 38.9 = 
26.6 4 32.8 34.7 33. | 15.7 8.9 


a flat optimum for the stimulative action at 10° to 10° M, followed by a 
slow decrease to 10—# M, where no consistent effect is found. The correspond- 
ing 2-naphthalene derivative, 2-NMSP, gives stronger inhibition effects at 
high concentrations (10-—10-° M), followed by a more pronounced stimula- 
tion, reaching its optimum at 10° M. The intersection of the curves of the 
1- and 2-derivatives recurs for the other pairs tested, too, though the surplus 
in the stimulative activity of 2-NMSA at low concentrations is only slight 
and uncertain. The naphthylmethyl-selenide-acetic acids differ somewhat 
from the sulphur compounds, having a wider stimulative range with con- 
spicuous effects even at 10° M. For 1-NMSeV (fig. 3) the higher concentra- 
tions could not be tested because of its slight solubility at pH 5.9. 

The change from stimulative to inhibitive action could possibly be caused 
by a graduaily growing effect upon the native auxin, so that its active 
amount was decreased to a sub-optimum value. It.seems, however, that before 
this situation is reached, an accessory toxic effect without connection with 
the auxin system sets in, and that the observed inhibition is principally due 
to this effect. Otherwise the ultimate decrease in the restorative effect of the 
antagonists upon 2,4-D inhibited roots (se below) seems hard to explain, and 
the inhibition can not be annihilated by IA either, as shown by the experi- 
ments of table 1. 


Effects of the antagonists in the presence of 10-7 M 2,4-D 


The data accumulated to show the effects of various concentrations of the 
antagonists upon the action of 2,4-D are presented in tables 2—10. The 2,4-D 
concentration used, 1077 mole per litre, lies at the lower end of the rapidly 
descending part of its action curve (fig. 3), and even a small decrease of the 
2,4-D activity should thus result in a considerable acceleration of the root 
growth. In all experiments the effects of the pure antagonist and of pure 
2,4-D have been determined simultaneously with those of the mixtures. In 
the previous experiments (1) 1-NMSP was mainly used in a concentration 
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Table 2. Root growth in solutions of 1-NMSP and 2,4-D. C=the growth of control roots 
in mm/17 h. n=number of tubes, each with 14 seedlings, used for each concentration 
(molarity denoted by an exponential number). 


Root growth, relative values (C = 100) 
Exp. C n 10-7 2,4-D + 1-NMSP: 1-NMSP 
0 10-8 10-7 108 102 
1 22.4 3 23.2 25.5 27.1 105.8 105.8 
2 24.7 3 21.6 25.1 28.0 95.5 100.9 
3 25.9 3 24.7 25.2 29.1 89.3 99.5 
6 26.3 3 19.4 21.1 22.1 108.0 106.4 
ii 26.4 3 21.7 28.9 28.8 95.7 98.4 
8 24.1 3 __ 22.4 24.6 24.6 103.0 110.2 
0 10-6 |310-5| 10-5 | 10-6 |3X10-6| 10-5 
1 22.4 3 23.2 35.1 = 71.0 109.3 = 106.9 
2 24.7 3 21.6 33.0 = 67.2 101.1 — 98.7 
3 25.9 3 24.7 34.4 = 70.8 107.7 — 102.1 
4 24.5 3 22.4 24.6 41.1 — 109.8 110.2 == 
5 25.5 3 19.6 28.8 46.3 — 109.2 106.0 == 


Table 3. Root growth in solutions of 2-NMSP and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 


Exp. C n 10-7 2,4-D + 2-NMSP: 2-NMSP | 
0 10-7 |3<10—7| 10-6 10-7 |310—7| 10-6 
19 24.7 4 23.1 30.1 = = 111.6 = = 
20 25.5 5 21.3 25.1 = = 112.7 as = 
45 28.1 4 22.1 Er 34.1 = ur 112.8 a 
21 26.4 5 23.6 = = 50.3 — = 120.0 
22 25.2 5 23.3 =: = 45.9 = = 117.4 


o  |3Xx10-6| 10-5 |2Xx10-5|3%x10-6| 10-5 |2X 10-5 


#5 28.1 4 22.1 _ 80.1 _ — 91.4 — 
46 29.2 4 20.6 64.4 81.2 = 118.0 93.0 = 

47 30.1 4 21.6 63.4 73.9 _ 110.1 88.7 — | 
39 25.4 2 19.3 — 68.3 — = 74.8 
40 23.9 4 20.9 — — 72.6 — _ 78.2 | 


Table 4. Root growth in solutions of 1-NMSB and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 


Exp. | C n 10—7 2,4-D + 1-NMSB: | 1-NMSB: 

0 | 10-7 | 10-6 |3<10—s| 10-5 | 10-7 | 10-6 |3X10-6| 10-5 
#8 | 26.0 | 4 19.8 | 21.8 | 29.7 | 38.7 — | 102.0] 107.7| 112.5 = 
#9 | 240] 4 De eo ot 0 |p ltt 70 | 418.1. 1108 
#1 | 246 | 5 = = or ane = 102.2 
42 | 248| 5 200 een st = GOS ees yes = 101.9 
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Table 5. Root growth in solutions of 2-NMSB and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 
Exp... n 10-7 2,4-D + 2-NMSB: 2-NMSB: 
o | 10-7 | 10-8 |3x 10-6] 10-5 | 10-7 | 10-6 |3x 10-| 10-3 
50 | 263| 4 | 240 | 240 | 331] 565 | — | 1146| 121.4] 1200 | — 
51 | 2830 & | 49.4) 237 | S20 (bet Ne = AT 
#1 | 246! 5 | 235| — | — = Go | — 1) = = 102.8 
42 | 288 | 204) — | — = 6b.5t\ee=—| > =. 98.6 


Table 6. Root growth in solutions of 1-NMSA and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 
Exp. C n 10-7 2,4-D + 1-NMSA: | 1-NMSA: 
0 10-7 | 10-6 |3<10-8| 10-7 | 10-6 |3X10-6 
18 24.8 4 24.1 27.8 ae = 114.3 = = 
33 25.3 5 23.2 = 54.6 = = 117.6 à 
34 25.1 5 23.1 = 55.7 = 2 120.6 = 
23 24.8 4 21.9 = = 75.6 = = 116.1 
24 27.3 4 21.5 = = 66.4 = as 108.9 
o | 10-5 |2><10-5| 10-5 |2X 10-5] 
33 25.3 5 23.2 | 90.6 = 110.6 = | 
36 26.9 5 21.4 92.2 = 106.2 = 
37 24.6 2 19.5 79.1 = 93.1 
38 24.3 4 21.0 = 88.5 = 92.5 


Table 7. Root growth in solutions of 2-NMSA and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 
Exp. C n 10-7 2,4-D + 2-NMSA: 2-NMSA: 


0 102229028 |3x 10-6 10-5 | 10-7 | 10-86 |3X10-8) 10-5 
18 24.8 4 24.1 | 30.7 — = fae 111.5 = see = 
23 24.8 4 21.9 —- — 76.4 — — = 109.5 — 
24 27.3 4 21.5 — == 67.2 == = — 102.7 = 
34 25.1 5 23.1 — 61.2 = — — 121.7 — — 
35 22.8 5 25.0 — 58.4 _ 71.8 — 127.9 — 86.6 
36 26.9 5 21.4 — — — 73.8 — = = 81.9 


of 2X10° M. As is apparent from table 2 much lower concentrations have 
conspicuous restorative effects on the root growth, and the range about 
10° M is perhaps most useful for the comparison of the different antagonists 
because of the absence of accessory toxic effects. 

In order to facilitate this comparison the relative root growth has been 
calculated in various ways for the individual experiments, and the average 
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Table 8. Root growth in solutions of 1-NMSeA and 2,4-D. Values presented as in table 2. 
ee 


Exp. 


Root growth, relative values (C = 100) 

n 10—7 2,4-D + 1-NMSeA: 1-NMSeA: 

0 107 10-6 |3x 10-6 10-7 10-8 )3 X 106 
4 24.1 33.3 > = NE PAR = 
4 23.1 32.6 = = ae > 
5 ante = = FIVE 2 
5 23.6 = 70.3 = a 12350 
5 23.3 = 63.2 + = Dre 
4 21.9 = 83.1 = = 115.6 
4 21.5 = nS 74.3 = — 108.3 

0 10-5 |2<10-5 | 10-5 |2x 10-5 
4 22.3 82.7 == 104.3 = 
4 23.8 84.4 — 100.8 — 
4 21.3 = 74.7 = 83.7 


Table 9. Root growth in solutions of 2-NMSeA and 2,4-D. Values presented as in table 2. 


Root growth, relative values (C = 100) 
Exp. € n 10—7 2,4-D + 2-NMSeA 2-NMSeA: 
0 10-8 | 10-7 | 10-6 | 10-8 | 10-7 | 10-6 
4 24.5 3 22.4 = = 52.7 = = 121.9 
3 25.5 3 19.6 = = 55.2 = — 115.2 
6 26.3 3 19.4 25.9 24.6 = 119.7 123.3 — 
7 26.4 3 21.7 31.4 40.5 — 113.0 116.2 == 
8 24.1 3 22.4 29.1 30.2 = 117.4 124.2 = 
11 23.9 4 21.3 22.0 26.5 58.4 130.3 130.7 12487 
12 25.4 3 20.5 23.7 25.2 53.3 122.0 126.6 119.0 
0 3X 106] 10-5 |2X10-53X10-6| 10-5 |2><10-5 
4 24.5 3 22.4 63.4 == — | 97.8 — — 
5 25.5 3 19.6 65.7 = — 96.4 — — 
13 26.5 5 26.1 68.9 60.5 = 97.4 63.6 
14 25.9 3 24.3 64.8 62.0 — 101.0 72.8 = 
15 25.0 5 24.5 72.4 63.5 — 102.5 70.6 = 
16 27.8 3 | 27.4 = == 45. = — 48.2 
17 24.2 3 275 — = 47.8 = — 50.1 
Table 10. Root growth in solutions of 1-NMSeV and 2,4-D. 
Values presented as in table 2. 
Root growth, relative values (C = 100) 
Exp. C n 10-7 2,4-D + 1-NMSeV: 1-NMSeV: 
0 | 10-6 10-6 
43 24.2 5 22.4 34 . 113.3 
4A 25.3 4 24.5 32 125.0 
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Table 11. Root growth in 10--" M 2,4-D with additions of various antagonists. Mean values 
for the experiments recorded in tables 2—10 and in Aberg 1950 (table 8). The exponential 
figures denote the number of experiments represented by each average value. 


NMSA NMSP NMSB NMSeA NMSeV 
M To Most Her 2 Tee 1 

G' = Root growth, relative values (growth in 10-7 M 2,4-D = 100) 
10-8 1136 _ ik it — | 1265 = 


10 1151 1271 1206 124? 1101 1112 1423 1395 — 
10-6 238? 2502 1405 2052 1512 1572 2852 263% 1432 
3 X 10-6 3272 3312 2102 3042 1902 2622 3632 2895 = 
10-5 411? 3162 3013 3663 3033 2992 3632 2493 — 


2x 1025 414? = 3793 3512 == == 3511 171? — 
4 10-5 | — aes is = = = = = = 
G == Root growth, relative values (C = 100) 
10—8 = == 25.1 — = a= = 26.4 = 
10-7 27.8 30.7 26.6 27.6 21.8 23.9 32.3 29.4 — 
10-6 55.2 59.8 31.2 48.1 28.8 33.6 66.8 54.9 33.3 
3 X 10-6 71.0 71.8 43.7 63.9 36.5 56.3 78.7 67.0 — 
10-5 91.4 72.8 69.7 78.4 62.2 65.2 83.6 62.0 — 
2X 10—5 83.8 == 83.3 70.5 = = 74.7 46.6 — 
4 X 10—5 — == 79.5 — — — — = = 
G" = Root growth, relative values (growth in pure antagonist = 100) 
Sy 06 63.1 67.6 40.5 56.1 32.3 46.5 70.3 67.7 — 
10—5 84.4 86.5 67.9 86.1 59.3 64.7 81.5 90.1 — 
2 X 10-5 90.3 — 87.5 92.1 = — 89.2 94.8 — 
410-5 a a2 92.0 = = = > es = 


values have been compiled in table 11. The best immediate survey of the 
restorative effects is obtained by putting the growth in 2,4-D alone to 100 
(G’-values). For the sulfide-alkylcarboxylic acids the effect of the 2-derivative 
is consistently higher than that of the 1-derivative in the concentration range 
3x10-° to 1077 M, thus indicating a parallelism in the antagonistic action 
upon the native auxin (as appearing in the growth stimulations of figs. 1—2) 
and upon the added 2,4-D. For the selenide derivatives a difference of the 
same sign was expected to occur at 10-7 M at least, but did not appear in the 
growth data. This may perhaps, in some way or other, be related to the 
exceptionally strong effects of NMSeA in the concentration range 107 to 


10— M which recur in the curves of fig. 2 as well as in the G’-values of 
table 11. 


As could be expected, the restorative effect increases considerably with 
growing concentration of the antagonist. It is important to observe that it is 
almost twice as high for 2X10-° M 2-NMSP which amount in pure solution 
causes a definite growth inhibition, as for 10-° M which gives the maximum 
stimulation when used alone, and the same phenomenon recurs for e.g. 10° 


THE INTERACTION OF SOME AUXIN ANTAGONISTS AND 2,4-D 635 


Table 12. Activity coefficients (A) for 10—7 M 2,4-D in the presence of various antagonists. 

The activities have been obtained from the G-values of table 11 and the standard 2,4-D- 

curve (10—® M: 10.2, 3 X 10—7: 14.1, 10—7: 22.6, 5 X 10—8: 39.1, 2X 10—8: 81.9, 10—8: 91.0, 

10—*: 99.6, 10-10: 99.8). For the inhibiting range of the antagonists the coefficients have 
been calculated from G”-values and are denoted by an asterisk. 


NMSA NMSP NMSB NMSeA NMSeV 
1 2 1 2 1 2 1 2 1 


M 


10-8 = = 0.85 — — = == 0.79 
10—7 0.74 0.66 0.79 0.75 1 .92 
1026 0.38 0.35 0.65 0.42 0.71 0.59 0.31 0.38 


3X10—6 | 0.29 10a 0.46 | 0.33 | 0.54 | 037 | 0.23 te 0.60 


0.31* 0.31* 
0.10 -„ | f0.30 | [0.23 0.18 
=; © à Le 
10 eee 0.15* Br Wie 0.34 | 0.32 lost 0.11% 
3410-5 |\-011% | — 0.14* | 0.09 | — = 0.12* | 6.07%. | = 
410-5 a = 009 + = = Su Ne = 


and 10-7 M 2-NMSeA. There can thus be no question of a mere superposition 
of independent effects of the antagonist and of 2,4-D. 

The slight final decrease of the restorative effect at the highest antagonist 
concentrations used (e.g. 4X 10° M 1-NMSP, 10? and 2X 10° M 2-NMSeA) 
which coincides with the appearence of a conspicuous inhibitive effect of the 
pure antagonist (figs. 1—2) seems, on the contrary, to depend on toxic effects 
without connection with the auxin system (see above). 

The restorative effect of the antagonists can be interpreted as dependent 
on a lowered »activity» of the 2,4-D present. This activity may be evaluated 
from the standard action curve of 2,4-D (fig. 3), using the G-values of table 11. 
By dividing the activities thus found by the actual 2,4-D-concentration 
(10-7 M) the »activity coefficients» (A) of table 12 were obtained. Because 
of the accessory toxic effects, however, the exclusive use of the G-values 
would not give a true picture of the conditions prevailing at the higher 
antagonist concentrations. The simplest way to correct for these toxic effects 
is to calculate the growth values for the mixtures relative to the growth 
in pure antagonist. This has been done for the individual experiments and 
the resulting average values (G’) are given in table 11. A-values (denoted 
by an asterisk in table 12) may then be obtained as previously described. 

From table 12 it may be seen that the 2-naphthylmethyl-sulfide-alkylcar- 
boxylic acids exert a stronger depressing influence upon the activity of 2,4-D 
than do the corresponding 1-derivatives, and that this is probably true for 
the whole of the concentration range tested. For the selenide-acetic acids the 
results are again less clear-cut, the sign of the difference changing from high 
to low concentrations. 

If we assume that the antagonistic action depends upon a competitive dis- 
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Fig. 4. The relation between displaced 
amount of 2,4-D (1—A) and added 
amount (M) of two of the antagonists. 


-5 = 
fog M 8 


placement of 2,4-D from the active positions within the plasm, it seems 
probable that there should be some connection between the adsorbed amount 
of the antagonist and the displaced amount of 2,4-D, this being proportional 
to (1— À). In fig. 4 log (1—A) has been plotted against log M (M being the 
molar concentration of the added antagonist) in order to show that these 
quantities are, with a fairly good approximation, linearly related. It is thus 
possible to express the relation between the amount adsorbed (1— A) and the 
amount added (M) by a formula of the same type as Freundlich’s equation: 


(1—A)=k M"; log (1—A)=n log M+log k; 


one important difference being the use of the initial concentration in the 
solution instead of the equilibrium concentration. 


Effects of the antagonists in the presence of various 
amounts of 2,4-D 


Some experiments on the effect of 2X10—5 M 1-NMSP or 10° M 1-NMSeA 
in the presence of 2X10—° to 10-° M 2,4-D are presented in tables 13—14. 
Together with some further data they are compiled in an easy surveyable 
form in table 15. 

As may be expected the restorative effect, as measured by the G’-values, 
shows an optimum at the 2,4-D-concentrations lying just below the rapidly 
descending part of the standard action curve (fig. 3). By calculating the 
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Table 13. Root growth in 2 X 10-5 M 1-NMSP with various additions of 2,4-D. 


Values presented as in table 2. 
a EEE EEE 
Root growth, relative values (Ge 100) 


Exp. C n 2,4-D: 2 X 10-5 1-NMSP + 2,4-D: 
2X 10-8|3%X 10-7| 10-6 0  |2x10-83|3%x 10-7] 10-6 
9 24.9 4 83.7 15.4 11.9 101.5 | 96.1 59.6 27.5 
10 25.5 4 80.9 14.8 11.1 98.0 | 94.2 57.4 25.8 | 


Table 14. Root growth in 10 M 1-NMSeA with various additions of 2,4-D. 
Values presented as in table 2. 


Root growth. relative values (C = 100) 


Exp. | C | n 2,4-D: 10-5 1-NMSeA + 2,4-D: 
2 10—8|5 X 10—8|3<10—7| 10-6) 0 |2X 10-85 X 10—8/3 X 10-7] 10-6 
| ae a in 
22.219421 4 81.9 40.3 — — 1101.85). 97-7 99.6 — — 
31 | 25.0} 4 = 45.7 = POS SRE 92.5 = _ 
30 |26.4| 5 = = 13:0;,011. 8:7: 1100.87. = 62:20 24:8 
29 | 25.9] 5 a = 1330 OOO = = 65.0 | 23.1 
2371233) 4 = = — 99855, — - = 24.0 


Table 15. Root growth in various concentrations of 2,4-D in the presence of 2X 10— M 

1-NMSP or 10—5 M 1-NMSeA. Mean values for the experiments recorded in tables 8, 13, 14 

and in Aberg 1950: tables 8, 9. Symbols as in table 11 (»G, corr.», see text), A-values 
calculated as described in table 12. 


2,4-D 2% 10-5 M 1-NMSP 10-5 M 1-NMSeA 
M G' G A |G,corr.| A G' G A 1|G,corr.| A 
2 C1058 116? 95.2 0.31 101.6 — 1191 97.7 0.19 118.7 — 


a LIE 2862 | 89.5 0.23 95.5 | 0.12 2252 | 96.1 OS ERICH — 
10-7 3793 | 83.3 0.18 88.9 | 0.12 363? | 83.6 0.18 | 101.6 == 
aS Oat 388? | 58.5 0.12 62.4 | 0.11 4842 | 63.6 0.11 77.2 | 0.08 
108 2322 | 26.7 0.08 28.5 | 0.07 2553 | 24.0 0.09 29.2 | 0:07 


A-values a measure that is not dependent on the form of this curve is obtained, 
however, and these values show, curiously enough, a tendency to rise with 
sinking 2,4-D concentration. This would indicate a stronger effect of the 
same amount of the antagonist upon a higher concentration of 2,4-D than 
upon a lower one, what is hardly compatible to the hypothesis of a compete- 
tive mass action in so far the system is a homogenous one, which need not, 
however, be the case (cp. the suggestions made by Went and by Veldstra & 
Booij, 9 and 7, as to the action of the hemi-auxins). 

The A-values for low 2,4-D concentrations are very uncertain, however, 
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small variations in G giving widely different activities because of the flat 
form of the standard 2,4-D curve in this range. It is also possible that even 
slight toxic effects of the antagonists seriously interfere with the results for 
the lower 2,4-D concentrations. A recalculation of A from the G’-values will 
not materially affect the results, but if we assume the proper measure of the 
accessory toxic effect to be from the optimum value of the growth curve for 
the pure antagonist down to the value for the actual concentration, the picture 
is altered. The G-values corrected in this way are given in table 15 as are 
also the A-values obtained from them. Apparently the variation of these last 
values is considerably diminished by this method of calculation. 

New complications are, however, met with, in that the corrected G-values 
lie above 100 for the mixtures with low 2,4-D concentrations. In order to 
ascertain the reality of this phenomenon four series comprising only mixtures 
of 10-5 M 1-NMSP, which concentration does not seem to have any appreci- 
able toxic effect, with various amounts of 2,4-D were made, and further 
data for 210—° M 1-NMSP were obtained in the same way. The total material 
available is presented graphically in fig. 3. 

The stimulative action of the mixture 10? M, 2,4-D+10-5 M 1-NMSP is 
probably caused by the simultaneous action of the antagonist upon the 2,4-D, 
the slight inhibition effect of which is practically eliminated, and upon the 
native auxin of the root which latter action may per se result in a stimulation 
of about 8 °/o. The situation is obviously very complex, but further experi- 
ments on the effect of the antagonists upon various auxins and auxin 
mixtures may perhaps give the proper means to clear it up more definitely. 
The conditions prevailing at very high 2,4-D concentrations (10-° M) must 
also be made the object of further studies. Meanwhile the roughly parallel 
course of the curves for 2,4-D and for 2,4-D+10-° M 1-NMSP may be taken 
as a sign of a fairly constant effect of the antagonist throughout the 2,4-D- 
range studied. 


Discussion 


The hypothesis that the naphthylmethyl-sulfide-alkylearboxylic acids 
act as competitive auxin antagonists (1) seems to gain further support by the 
present investigation. It is assumed that one fundamental requirement for 
antiauxin activity is the presence of a ring system of the same type as that 
occurring in the true auxins, and that this ring system is perhaps mainly 
responsible for the competitive action. It is probable that the regularities 
found for the action of the antagonists are compatible to the laws of adsorp- 
tion equilibria, but a thorough analysis of the phenomenon on such a basis 
will meet with almost insurmontable obstacles, depending among other things 
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upon the exceedingly low concentrations of the active substances used and 
upon the irreversible changes steadily going on in any living system. 

To the ring system a side chain with such properties or such a steric rela- 
tionship to the ring system as make an auxin function of the substance im- 
possible, is then attached. The presence of a hydrogen atom on the carbon 
atom alpha to the carboxyl group has been shown to be necessary for auxin ~ 
activity in «-(aryloxy)-alkylcarboxylic acids (8), and the inactive q-(aryloxy) - 
iso-butyric acids may perhaps generally be antiauxins. For «-(p-chloro- 
phenoxy) -iso-butyric acid this has actually been shown (3). That the «-hydro- 
gen atom must further be present in a special steric position has recently 
been shown for &-(2-naphthoxy)-propianic acid (2, 5, 8), the antipode of 
the active substance being an auxin antagonist (2). 

As to the naphthylmethyl-sulfide-alkylcarboxylic acids the substitution of 
the alpha hydrogen atoms is apparently without any profound effect upon 
their physiological character, even the acetic acid being an anti-auxin. This 
character must then depend on the lack of some other requirement for 
activity, presumably on a relation between the ring system and the carboxyl 
group which does not fit the auxin system. 

For the naphthalene derivatives this relation is often strongly influenced 
by the point of attachement (1 or 2) of the side chain. 1-NA does thus show 
a slightly higher activity than 2-NA in the root test (unpublished results) 
as well as in the pea test (6, p. 121, 145), while the reverse is true for the 
- (naphthalene) -propionic acids (6) and for the «- (naphthoxy) -alkylcarboxylic 
acids (6, 8). For naphthoxyacetic acid the shift from 2-position to 1-position 
does not result in a lowered activity only but changes the character of the 
compound fundamentally, the 1-derivative being an effective auxin antagonist 
in the root test (unpublished results). 

In how far such position effects are responsible for the higher antagonistic 
effect (and the higher toxicity) of the 2-forms of NMSA, NMSP and NMSB 
can not be settled at present. Their dissociation constants are not known as 
yet, and the possibility of a lower dissociation and higher penetration rate 
of the 2-compounds than of the 1-compounds can thus not be ruled out. The 
cause of the differential effects of the sulphur or the selenium atom in the 
side chain must also remain the object of further studies. 


Summary 


The effects of 8 different «-(naphthylmethyl-sulfide or -selenide) -alkyl- 
carboxylic acids on the root growth of young flax seedlings in solution cul- 
ture (25° C, 6.7 mM phosphate+5 mM Ca-nitrate, pH 5.9) have been deter- 
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mined for the concentration range 10-°—10-? M. At low concentrations 
(about 10—% M) the growth is regularly stimulated, presumably due to an 
antagonistic action upon the native auxin of the roots. At 10~* M there is a 
conspicuous growth inhibition which is probably not related to the auxin 
system, but due to an accessory toxic effect. The 2-naphthalene derivatives 
cause stronger stimulation at low concentration, but are also more toxic than 
the 1-derivatives. 

When applied together with 10-7 M 2,4-D the substances exert a marked 
restorative effect upon the root growth, this being up to 4 times as rapid 
as in 2,4-D alone. The decreased effect of 2,4-D in the mixtures is interpreted 
as dependent on a competitive action of the naphthalene derivatives and 
expressed as a lowered »activity» of 2,4-D in their presence. The »activity 
coefficient» (A=2,4-D activity/2,4-D concentration) varies in a regular way 
with the nature of the antagonist and its concentration. 

It is suggested that the auxin antagonists are characterized by a ring 
system with high surface activity (similar to or identical with that of the 
auxins) combined with a side chain of such properties or such a steric relation 
to the ring system as make them unfit for the auxin function. 
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The general action of the acids 


It has already been emphasized (Burström, 5) that q-(phenoxy) propionic 
acid exerts a growth-inhibiting action on wheat roots, just as it in several 
other respects behaves like auxin (8, 13, 15, 21). This is rather surprising 
because the closely related isobutyric acids are very effective growth- 
promoting anti-auxins on roots. It was thus deemed necessary to undertake 
a careful examination of the propionic acid derivatives, and especially to 
compare their action on the one hand with acetic, on the other hand with 
isobutyric acid derivatives. 

These three types of compounds form a series with increasing methyla- 
tion, Viz. a a 

OCH. COOH, > —0—-CH—C00H . >—.0—C—COOH 

| 
CH; 
acetic acid a-propionic acid a-isobutyric acid 


Growth tests were carried out on wheat plants with the routine methods employed 
in this series of investigations (3, 4). The compounds were prepared and supplied 
by Prof. H. Erdtman’s Institute of Organic Chemistry at the Royal Institute of 
Technology, Stockholm. 


Several comparisons were made between the unchlorinated phenoxy deriva- 
tives of the three acids, and one typical experiment is recorded in table 1. 
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Table 1. Comparison between phenoxyacetic acid, a-phenoxypropionic acid, and 4-phenoxy- 
isobutyric acid. Growth test on wheat roots. Increase in root length in mm. for three days. 
— Mean error + 1.0 mm. 


aS 
Derivative of | 
Concentration M - — | 
acetic acid a-propionic acid a-isobutyric acid 

0 21.7 21.7 217 | 
10-8 22.2 21.0 x | 

10—7 21.2 16.6 24.5 
10-6 22.2 6.7 32.5 | 
10-5 26.9 2.0 43.4 

10-4 x x à 


The experiments uniformly gave the peculiar result that the acetic acid 
was practically growth inactive — it is only a question of the unchlorinated 
compounds —, the propionic acid strongly growth retarding, and the next 
member of the series, the g-isobutyric acid, as usually equally strongly 
growth promoting. 

The latter effect has been identified as an anti-auxin action, and it thus 
remained to reveal the nature of the growth retardation by the «-propionic 
acid. 

Morphologically the g-propionic acid-treated roots resembled auxin-treated 
ones. The retarded elongation was accompanied by a swelling of the tips and 
at medium concentrations an excessive root hair growth. These are all symp- 
toms of a decreased cell elongation, just as with auxin, and the meristems 
were quite healthy. One difference was found compared with auxin-treated 
roots, and it is illustrated in figure 1. 

Of the four drawings of representative root tips A shows a normal root, 
and B illustrates a root from q- (phenoxy) propionic acid 10° M; the swelling 
and the unusual root hair growth are obvious. The four mm. of root shown 
in the figure represent the entire new part of the root formed during three 
days, and it has a very uniform appearance. Particularly so in contrast to 
figure 1 D, which shows the shape of roots grown in the same concentra- 
tion of 3-indoleacetic acid. The solutions were renewed daily, and after each 
shift there appeared a swelling and an abnormal root hair growth, which, 
however, rapidly disappeared again. This is nothing unusual, but seems to 
depend upon the instability or rapid consumption of the natural auxin, 
whereas the propionic acid may be more stable. In the morphological details 
the swellings caused by auxin and the propionic acid agreed perfectly. 

At a still higher concentration another phenomenon appeared, however, 
shown in figure 1 C and figure 2. The roots still swelled, but the root hairs 
disappeared, and instead the swollen tips were coated by a uniform layer up 
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A 


Figure 1. Camera-lucida drawings of tips of roots grown in «-(phenoxy)propionic acid or 
auxin. — A: normal root, B: root from «-(phenoxy) propionic acid 10--6 M, C: the same 
10— M, D: root from 3-indoleacetic acid 10—$ M. 


to 25 u. thick, which entirely covered the swollen portion of the roots. This 
is not easily observed on whole tips under the microscope, but figure 2 shows 
cross sections of such a root and a normal one, and it seems as if this coating 
had been formed in the same way as cuticular layers outside the epidermal 
cells. The surface felt fairly hard and very smooth, just as a cuticle, and the 
layer wholly lacked visible structure. 


Much work was carried out in order to determine the nature of this coating. It 
could not be stained with any of the usual dyes for wall substances, neither with 
Sudan, nor with iodine reagents. It proved to be insoluble in hot water, hot alcohol, 
and boiling 2 per cent ammonia. It could easily be dissolved by heating with 2 per 
cent hydrochloric acid, however, and this seemed to indicate some pectic or carbo- 
hydrate compounds. Staining tests with ruthenium red and methylene blue gave nega- 
tive results, bu. there seems to be no really accurate, specific microchemical tests 
for pectic substances (Johansen, 9). The hydrochloric acid hydrolysates were tested 
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C Figure 2. Transverse sections of normal and a-(phen- 

oxy)propionic acid treated roots. A: normal root, 

e B: root grown in propionic acid 10 M. Cf. figure 

B 1A and C. — e epidermis, s subepidermal layer, 

hypertrophied in B, ce coating of unknown nature; 

on its surface small particles from the nutrient solu- 
tion. — Enl. 410 X. 


for reducing sugars, but no definite results were obtained. Briefly, the substances of 
this layer had to be left unidentified for the present. 


This called forth a thorough examination of auxin-treated roots, and it 
was soon found that the same phenomenon appeared with 3-indoleacetie 
acid and naphthylacetic acid, alhtough less regularly with these acids. The 
probable reason is that the coating is well developed only if the root hair 
formation is suppressed, which is not easily effectuated with auxin; however, 
it may also occur together with a fairly rich growth of root hairs. The super- 
ficial impression is that it represents substances or products of substances 
normally utilized for the cell elongation but excreted from the root if the 
stretching is prevented. In any case, the identification of the compounds may 
throw some light on the problem of the point of action of the auxins in the cell. 


Interaction of «-propionic acid with auxin and anti-auxin 


The similar morphological and cytological behaviour of roots in propionic 
acid derivatives and auxin indicates that their actions are identical. Another 
way of studing this question is to combine the propionic acid derivative with 
auxin or some anti-auxin. 

This has been done in the experiment shown in table 2, with the two un- 
chlorinated acids. The propionic acid has the usual growth-depressing effect, 
and the figures in the two last columns show that this, as with auxin, mainly 
or wholly consists in a reduced cell elongation. The propionic acid is perfectly 
antagonized by the homologous isobutyric acid, and the ratio isobutyric: 
propionic acid necessary for restoring the normal cell length of 265 u. varies 
around the figure 2.5 for all concentrations of the two acids. This can easily 
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Table 2. Combination of a-phenoxypropionic acid and a-phenoxyisobutyric acid. — 
Growth during four days. pH 5 to 5.7. 
re a te en 


&-phenoxy-pro- | «-phenoxy-iso- Relative cell 
pionic acid M | butyric acid M Growth, mum. Selstengthin number 
0 0 31.8 + 0.7 262 + 4 122 
10-7 0 27.6 + 0.8 235 + 4 118 
10-6 0 21.9 + 0.6 145 +3 151 
10-5 0 10.2 + 0.5 97 +3 105 
0 10—7 35.7 + 0.9 263 + 4 136 
10—7 10-7 30.9 + 0.8 262 + 4 118 
10—6 10—7 19.9 + 0.6 162 +5 123 
10—5 107 6.7 + 0.4 66 +2 102 
0 10—6 39.2 + 0.9 299 + 5 131 
10-7 106 34.5 + 0.8 266 + 4 130 
10-6 10-6 28.8 + 0.8 228 + 4 126 
10-5 10-6 9.3 + 0.6 94 +3 99 
0 10-5 55.4 + 1.1 333 + 5 164 
10—7 10—5 55.1 + 0.9 343 +5 161 
10-6 10--5 48.4 + 1.1 321 +5 151 
10—5 10—5 25.2 + 0.8 187 +4 135 


Table 3. Combination of a-(2.4-dichlorophenoxy)propionic acid and «-naphthylacetic acid. 
— Growth during three days. pH 4.1—4.3. 


a-(2.4-dichloro- 


3 «-naphthyl- Relative cell 

Series ae en and Growth mm. | Cell length p nasser 
A 0 0 20.5 | 276 +5 74 
B 3.108 0 11.6 146 + 4 79 
C 0 3.108 10.6 124 +3 85 
D 3.1078 3 - 10—8 5.6 80 + 2 70 
E 6 - 10-8 0 8.6 x >< 
ack 0 6 - 10—8 5.6 SK SK 
| G 5- 10-8 10-8 | 7.3 NE x 


be deduced graphically from the figures of table 2. It is thus obvious that the 
a-phenoxypropionic and isobutyric acids act as ideal antagonists to each 
other. 

In order to show that this is a specific antagonism, a propionic acid deriva- 
tive was combined with an auxin homologue in some experiments. The 
a-(2,4-dichlorophenoxy) propionic acid and «-naphthylacetic acids were cho- 
sen, the latter because it is more stable than auxin, the former because its 
growth-retarding action is very nearly the same as that of naphthylacetic 
acid. One series of results is shown in table 3. 

The concentrations of the acids were chosen so as to cause a 50 per cent 
reduction of the elongation (B and C, table 3). Added together (D) there is a 
further inhibition, which is nearly the same as when either acid is given in 
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the double concentration (E, F). The g-naphthylacetic acid is, according to 
a graphical computation, 1.3 times as active as the a-propionic derivative, 
and this small difference is clearly visible in the figures of table 3, even if 
only part of the latter is replaced by the naphthyl derivative (G). Generally 
speaking, there is an almost ideal additive effect if the two acids are combined. 


The activity of chlorinated propionic acids 


The isobyturic acid derivatives increase their anti-auxin activity with 
chlorination of the ring in the para position, whereas there is little, if any, 
further increase in their positive action upon the introduction of more chlorine 
(Burström, 5). The toxicity, however, increases in two steps, with the in- 
troduction of a chlorine in the 4-position and with one additional chlorine 
in the 3-position. Other substitutions have little or no effect. 

The growth inhibitions of the «-propionic acids do not quite follow this 
pattern. The unchlorinated acid is decidedly least toxic, but there is also a 
significant difference between the 4- and 2,4-chlorinated compounds, as shown 
in table 4, the latter being about ten times more growth depressing. However, 
it was concluded that the toxic effect of high concentrations of the isobutyric 
acids was due to some rather unspecific poisonous activity, whereas the 
growth inhibition of the «-propionic acids, according to the results, is due 
to an auxin effect. 


Table 4. Comparison between differently chlorinated &-(phenoxy)propionic acids. — 
Growth in mm. during three days. pH 4.1—4.4. 


Acid 
C trati 

parenieation M a-phenoxy-propionic | &-(4-chloro-phenoxy) | «-(2.4-dichloro-phe- 
acid propionic acid noxy) propionic acid 

0 20.3 20.3 20.3 

10-9 X X 19.7 

10-8 x 19.6 17.3 

3-10—8 K 18.0 13.2 

10-7 18.9 14.5 6.5 

3 10.9 4.8 1.8 

10-6 2.9 x x 

10-5 1.5 De X 

Discussion 


Morphological and cytological observations together with experiments on 
the interaction with auxin and anti-auxins unanimously indicate that the 
a-phenoxypropionic acid derivatives exert a normal auxin-action on wheat 
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roots. The only objection that reasonably can be made against this conclusion 
is that it has not been demonstrated that they also have the same slight 
growth-promoting action in low concentrations. The latter would have 
required a much larger experimental material, but this flaw can hardly, in 
the author’s opinion, invalidate the conclusion that the a-propionic acids 
really act as auxin. 

This seems to be an elaborate way of reaching a decision, which in all 
standard growth tests is formulated on the basis of very superficial morpho- 
logical observations. However, it is fairly obvious that several growth reac- 
tions are involved in the gross effect of the auxin homologues and related 
compounds and that they must be kept apart in an interpretation. The experi- 
ments on indole and phenoxy derivatives have shown that if growth is 
measured relative to the root length, we have to distinguish between four 
effects, identified at present, i.e.: 


1) the positive auxin action, 
2) the negative auxin action, 
3) the anti-auxin action, and 
4) toxic actions of auxin and anti-auxins. 


Auxins and anti-auxins resemble each other in that their actions can be 
superficially illustrated by optimum curves. That of auxin consists of a rising 
part at low concentrations corresponding to 1), and a decreasing part at 
higher ones caused by 2). Both these actions depend upon changes in the 
cell elongation (3) but do not involve significant variations of the rates of 
cell multiplication. Of these actions 2), as well known, dominates in the root. 

The anti-auxin action of isobutyric acid derivatives in roots seems to be 
an ideal antagonism especially against 2). It also implies a genuine cell 
elongation regulation. The toxic action listed under 4), however, involves a 
general poisoning with a decrease also in the cell division frequency (4), 
and it may lead to death of the roots. Superficially it may resemble a true 
auxin inhibition of the root growth, and only a close microscopical inspection 
can manifest the difference. 

This means, however, that the four actions functionally can be reduced 
to three, the two auxin actions, which are true hormone actions, and an 
unspecific toxic action, which of course in itself may not be uniform at all. 

The phenoxyacetic acid seems to lack every growth activity, which has 
previously been emphasized by Thompson et al. (17), Hitchcock and Zimmer- 
mann (8) and recently by Osborne and Wain (13). The corresponding 
a-propionic acid, however, seems to exert a negative auxin action, and it was 
also found to possess morphogenic activity by Osborne and Wain, just as its 
mono- and di-chlorine derivatives. The root-forming ability is weak (Hitch- 
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cock and Zimmermann, (8) but much increased in the chlorinated acids. 
Synerholm and Zimmerman (15) report that «-(3-chlorophenoxy) propionic 
acid is less active in cell elongation than the 2,4-dichloro compound, but that 
a tri-chloro derivative is inactive. Zimmerman and Hitchcock (21) again 
state that a-(phenoxy) propionic acid has morphogenic effects on leaves, but 
that mono-, di-, or tri-chlorinated derivatives are inactive. Another q-prop- 
ionic acid, the «-(1-naphthylmethylsulfide)-derivative has been studied by 
Aberg (1). In itself growth inactive it can antagonize externally added 2,4-D 
or auxin, but that may be just another phenomenon. The ß-(phenoxy)- 
propionic acid derivatives, chlorinated or not, are classified as inactive by 
both Thopmson et al. and Osborne and Wain. Thus it would seem as if the 
a-substitution or the branching of the side chain called forth the auxin 
activity. It is then very surprising that the introduction of another methyl- 
group resulting in an isobutyric chain, reverses this activity completely. The 
only reasonable way of regarding this circumstance seems to be that 1) the 
auxin activity disappears again, and 2) an anti-auxin action is created through 
the substitution or revealed through the loss of the auxin activity. 

That would imply, however, that the auxin activity in this series of com- 
pounds should specifically depend upon the «-propionic configuration, but 
this is emphatically contradicted by the presumption that the chlorinated 
phenoxyacetic acids are again growth active, and strongly so, just as the 
a-propionic derivatives, and the genuine auxin possesses an unbranched side 
chain. It is then necessary to consider earnestly, whether »growth activity» 
always really means the same thing. 

Veldstra (18) and Veldstra and Booij (19) have emphasized the importance 
of the balance between the lipo- and hydrophilic ends of the growth-active 
molecules. This point of view may be valuable in certain instances, e.g. as 
regards the inactivity of paranitro-derivatives — also found with q-(4-nitro- 
phenoxy) isobutyric acid —, in which the lipophily of the ring system is 
much reduced. However, it fails altogether to explain the fact that from the 
inactive phenoxyacetic acid, a growth activity seems to be created in two 
ways, either by methylation of the side chain, or by chlorination of the ring. 
The behaviour of «-(phenoxy) propionic acid is at variance with the sche- 
matical picture given by Veldstra and Booij (19, p. 291). Nevertheless, there 
seems to be little doubt but that the propionic acid exerts a true auxin 
activity. Thimann (16) and Veldstra, on the other hand, discuss the activity 
of 2,4-D in the pea test, just as if this in no way differed from that of auxin 
either. The ortho position principle of Muir and Hansch (7, 11) does not 
seem to fit in with the present data either. It is inconsistent with any theory 
ascribing particular functions to the side chain and the ring, that the same 
activity can be called forth by similar substitutions of either end of the 


STUDIES ON GROWTH AND METABOLISM OF ROOTS. VII 649 


molecule. This necessitates a clear identification of the growth activities of 
the different compounds. 

The most obscure question is the nature of the inhibition of root elongation 
by the chlorinated phenoxyacetic acids. The action of 2,4-D has been studied 
by Audus (2) and Wilske and Burstrém (20). The latter found the primary 
effect to be a reduction in cell length, perhaps identical with the phytostatic 
action of Audus, but it also causes a reduced rate of cell multiplication, 
extraneous to a true auxin activity. As an herbicide it has been connected 
with nearly every process going on in the plant (see review by Norman et 
al., 12), and Rasmussen (14) regarded it as a general cytoplasmic poison, 
whereas Goldacre (76) has suggested that it acts as an auxin competitor. 
Thus the action of 2,4-D may be composed of effects listed above under 2) 
and 4), but it is, as a matter of fact, not at all sure that the reduction in cell 
length of roots is identical with an auxin effect. 

The complex action of 2,4-D, even if only root elongation is considered, is 
supported by the behaviour of the sulphur derivatives of this acid and 
2-methyl,4-chlorophenoxyacetic acid, studied by Wilske and Burström (20) 
and Jönsson, Nilsson and Burström (10), respectively. A substitution of 
-O- for -S- reduces the root growth-inhibiting activity. As regards 2,4-D and 
its S-derivative the latter exerts the same effect on the cell multiplication as 
2,4-D but a reduced action on the elongation. That means that at least part 
of the action on the elongation depends on the structure of the side chain, 
but the toxic action perhaps more on the properties of the ring. This is just 
what has been shown to hold true for the propionic and isobutyric acids. 
Nevertheless, the utmost caution is necessary in attempts to reach conclusions 
regarding the relation between structure and activity, until the different 
growth reactions are better defined. 


Summary 


The action of «- (phenoxy) propionic acid and its 4- and 2,4-chlorine deriva- 
tives has been studied on wheat roots. 

The acids inhibit root elongation; the histological picture is nearly the 
same as for 3-indoleacetic and naphthylacetic acids. Combined with the latter 
their effects are additive, and they are antagonized by a- (phenoxy) isobutyric 
acids. It is concluded that the a-(phenoxy) propionic acids exert a regular 
auxin activity. 

This is discussed in connexion with the facts that phenoxyacetic acid is 
wholly growth inactive, its chlorine derivatives are supposed to exert auxin 
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activity, and the «-(phenoxy)isobutyric acids are anti-auxins on roots. It is 
pointed out that growth activity is generally very poorly defined. 


14. 


15. 


16. 
Wie 


18. 


19. 


I am indebted to Miss I. Rosén for technical assistance in the experiments. 
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The natural decomposition of cellulose by thermophilic bacteria is a sym- 
biotic process. Evidence of this appears when attempts are made to isolate 
the cellulose thermophiles as pure cultures by means of elective methods. 
The cultures obtained in such cases inevitably seem to be mixed ones. Some 
of the cellulolytic bacterial components break down cellulose chiefly to low 
molecular carbohydrates. The non-cellulolytic bacteria convert these products 
of hydrolysis to alcohol and organic acids. 

As early as in 1913 Kroulik (1) recognized the symbiotic nature of the 
thermophilic cellulose fermentation but the difficulties connected with isola- 
tion of the cellulose decomposing bacteria as pure cultures rendered a 
detailed investigation on these bacteria and their symbionts impossible. 
Recently the cellulose thermophiles have been obtained as pure cultures by 
means of special methods including agar dilution series. They can now be 
kept as pure strains in laboratory stock collections (McBee 2 and Enebo 3). 

Eight years ago in experiments with thermophilic cellulose fermentation 
we obtained a symbiotic mixed culture. It could be established later that 
this culture contained three types of thermophilic bacteria with different 
functions. The culture is still very vigorous and has been grown all the time 
in the laboratory with infrequent transfers. Only one of the three components 
is cellulolytic. But neither of the other two components can be omitted from 
the mixed culture without a loss in the cellulose fermenting activity. The 
cellulose decomposing bacterium alone has a considerably lower activity than 
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the complete mixed culture. True symbiosis seems to prevail in this case. 
The cellulolytic bacterium cannot perform a rapid degradation of cellulose 
without the aid of the other two bacteria. These are on the other hand de- 
pendent on the cellulose thermophile for their supply of carbohydrates. 

An experiment illustrating the importance of symbiosis in cellulose degrada- 
tion has earlier been reported by the author (Enebo 4). 

The purpose of the present investigation has been to study the physio- 
logical properties of the three strains mentioned above. They are not de- 
scribed in Bergey’s Manual of Determinative Bacteriology (6th Ed. 1950) nor 
have they to the author’s knowledge been adequately described elsewhere. 
In this paper a description will be given in accordance with the principles of 
Bergey’s Manual. The following names are primarily proposed for the bac- 
teria: for the cellulose thermophile Clostridium thermocellulaseum n.sp. and 
for the non-cellulolytic symbionts Clostridium thermobutyricum n.sp. and 
Bacillus thermolacticus n.sp. 


Experimental 


Initial cultures were obtained by heavy inoculation with material from 
decaying grass and leaves in a medium of the following composition: 


g per litre 
NÉ) SO 2Gse dunn do cM cous Cote 2.0 
KA 2 50'S à clone Ba OO OK ro 1.0 
MES OA AE OR EC ET ne Me cc 0.5 
NACRE RL se metre see s > 0.5 
Difeo, peptone Or tryptone "0. 2.0 
Autolyzatesot bakers yeast co... ee 2.0 
CRCO ee ee opel 20.0 
Celluiose ad se RE TRE RC Ce 20.0 


Portions of 200 ml were sterilized in 500 ml conical flasks, inoculated and 
incubated aerobically at 60° C. 

In this medium a mixed culture developed which contained several types 
of bacteria. Among these were sulphate reducing thermophiles, which de- 
veloped a strong odour of hydrogen sulphide. Attempts to isolate the cellulose 
decomposing bacteria as pure cultures by means of an enrichment method 
proposed by Snieszko (5) did not succeed. These attempts resulted however 
in elimination of certain contaminants, i.e. the sulphate reducing bacteria. 
Finally enrichment cultures were obtained which contained only the three 
types of bacteria described below. 
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% activity 


100 


Figure 1. Effect of pH on the acti- 
vity of cellulase from Clostridium 
thermocellulaseum n.sp. 


Clostridium thermocellulaseum n. sp. 


Clostridium thermocellulaseum was isolated by means of agar dilution series 
prepared with the nutrient solution mentioned above. The solutions contained 
0.5 per cent water soluble cellulose dextrin instead of cellulose wadding and 
in addition 0.04 per cent sodium thioglycollate. The solvent consisted of equal 
parts of potato infusion and water. 

The cellulose dextrin was prepared according to Fuller and Norman (6). For 


potato infusion 150 g pealed potatoes were boiled for 1 hour in 1 litre of water and 
the solution filtered. 


On the somewhat opaque plates colonies were obtained, some of which 
were surrounded by well developed clear decompositton zones. When such 
colonies were picked out and transferred to tubes with the same nutrient 
solution but containing cellulose wadding instead of dextrin, the cellulose was 
fermented under anaerobic conditions at 55—60° C. From these tubes sub- 
cultures for physiological and morphological studies could easily be obtained. 


The organism has a pronounced cellulolytic activity. Free cellulase diffuses 
into the medium probably from dissolving cells. The existence of free cellulase 
has been demonstrated in a fermented medium, freed from bacteria by filtra- 
tion. This cellfree solution decidedly decreased the viscosity of a solution of 
1 per cent ethylhydroxyethyl-cellulose at 30° C. Figure 1 illustrates the 
influence of pH on the activity of cellulase from Cl. thermocellulaseum. 

In young cultures Cl, thermocellulaseum appears as slender Gram negative 
rods with rounded ends, occurring singly or in pairs (figure 2). Size 0.35— 
0.45 by 2.0—4.8 microns. The electron micrographs show very few flagella. 
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Figure 2. Young cells 
of Clostridium thermo- 
cellulaseum n.sp. show- 
ing single flagella. 

Magnification 9000 X. 


Figure 3. Young cells 
of Clostridium thermo- 
butyricum n.sp. Nu- 
merous peritrichous 
flagella. Magnification 
9000 X. 


Figure 4. Young cells 
of Bacillus thermolac- 
ticus with peritrichous 
flagella. Magnification 
9000 X. 
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Figure 5. Clostridium thermocellu- 
laseum on cellulose-dextrin agar. 
Note the circular decomposition zo- 
nes. 


Possibly the flagella were shed during preparation of the micrographs. No 
loose flagella were found, however. The positions of the remaining flagella 
indicate that they are peritrichous. — Terminal spores (c. 1.0 by 1.25 
microns) are readily formed. They soon separate from the sporangia which 
are rapidly dissolved. Often a small rest of the vegetative cell remains attached 
to the spore. 

On the cellulose agar mentioned above Cl. thermocellulaseum forms minute, 
colourless, translucent, convex surface colonies and minute, faintly yellow 
lens shaped subsurface colonies. The colonies are surrounded by clear circular 
decomposition zones (figure 5). No growth appears on nutrient agar or 
starch agar. These media can be used for control of the purity of the culture. 

Gelatin is not decomposed at 55° C. Milk is not coagulated. Indole is not 
formed. Nitrate is not reduced to nitrite or ammonia. 

The most outstanding property of Cl. thermocellulaseum is its ability to 
hydrolyze cellulose to low molecular carbohydrates, especially cellobiose 
and glucose. Higher saccharides are also formed (Enebo 7). Decomposition 
of cellulose is immediately followed by appearance of reducing sugars and 
cellulase in the medium. 

The products of hydrolysis are partly fermented with formation of ethanol, 
formic, acetic, lactic and succinic acids, carbon dioxide and hydrogen. Methane 
is not formed. 


The cellulose fermentation is facilitated by the addition of biotin (2 ug./l.). 
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Other vitamins than biotin seem to have practically no effect. Digested casein, 
peptone and similar products as well as yeast autolyzate stimulate the process 
but are not necessary. (It should be noticed that the symbionts are more 
strongly stimulated by the organic nutrients mentioned above than is Cl. ther- 
mocellulaseum.) 

Acid and gas are formed from glucose, fructose, mannose (weakly), 
maltose (weakly), cellobiose, arabinose and xylose. No fermentation has 
been obtained with galactose, rhamnose, sucrose, lactose, melibiose, trehalose, 
raffinose, glycerol, mannitol, dulcitol, sorbitol or starch. 

The optimum initial pH for fermentation with Cl. thermocellulaseum was 
found to be about 8.0 (measured at 20° C). No fermentation starts at pH 
values above 8.9 or below 6.5. A fermentation once started will not cease until 
pH has decreased to 5.8. With CaCO, buffer the fermentation pH-interval is 
about 8.0—5.8. 

The bacterium is strictly anaerobic and will not grow on agar plates or 
in liquid media if air is not excluded and a suitable reducing agent (e.g. 
0.4 g/l of sodium thioglycollate) added. 

Optimum temperature for growth is 55--60° C. At 37° growth is slow. 
Below 30° and above 65° C there is no growth. 

CI. thermocellulaseum is non-pathogenic for mice and guinea pigs. 

No catalase is formed. 


Clostridium thermobutyricum n. sp. 


In the attempts to isolate CI. thermocellulaseum by means of agar plating, 
it was found that only part of the colonies showed distinct decomposition 
zones, caused by cellulolytic activity. The other colonies were formed by a 
non-cellulolytic bacterium which produced butyric and acetic acids. It has 
preliminarily been named Clostridium thermobutyricum. 

Cl. thermobutyricum grows somewhat slower than Cl. thermocellulaseum 
in basal inorganic nutrient solution, containing 1 per cent glucose and the 
same amounts of tryptone and yeast autolyzate as was used for the original 
mixed culture. 

The size measurements, Gram test and electron micrographs were made 
with 3 days old cultures. In such cultures this organism appears as slender, 
Gram negative rods, 0.4—0.6 by 1.8—4.5 microns, with rounded ends, 
occurring singly or in pairs. In older cultures long chains of rods often appear. 
The electron micrographs (figure 3) show a rather great number of peri- 
trichous flagella in contrast to the micrographs of Cl. thermocellulaseum. — 
The average size of the terminal spores is 1.2 by 1.5 microns. In certain 
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cases older cells grow to a considerable length (about 10 microns) and form 
spores which adhere to the mother cell for a rather long time. These long, 
slightly curved cells of Cl. thermobutyricum with the adhering terminal spores 
can be easily detected microscopically in a mixed culture with Cl. thermo- 
cellulaseum. 

On poiato agar Cl. thermobutyricum grows well, forming flat, circular, 
white, translucent surface colonies and small, yellowish white, lens shaped 
subsurface colonies. On starch agar it forms small colonies surrounded by 
faint dissolution zones. It grows very poorly on nutrient agar, forming minute 
subsurface colonies. 

Gelatin is not decomposed at 55° ©. Litmus milk is acidified and coagu- 
lated. Indol is not formed. Nitrate is not reduced to nitrite or ammonia. 

Cl. thermobutyricum ferments carbohydrates to ethanol, butanol, formic, 
acetic, butyric, lactic and succinic acids, carbon dioxide and hydrogen. 

Fermented are: glucose, fructose, mannose, galactose, arabinose, xylose, 
rhamnose, maltose, sucrose, lactose, cellobiose, melibiose, trehalose, starch, 
dextrin, mannitol and sorbitol. No fermentation was obtained with glycerol, 
dulcitol, inulin or (generally) raffinose. Cellulose is not decomposed. 

No marked pH optimum for the beginning of fermentation with Cl. thermo- 
butyricum could be established. The most favourable interval seemed to be 
pH 7.0—5.5. Maximum pH was c. 9.0 and minimum pH (for beginning of 
fermentation) c. 5.0. Final pH after vigorous fermentation was c. 4.5. 

Cl. thermobutyricum is anaerobic but not so dependent on absence of oxy- 
gen as Cl. thermocellulaseum. 

Optimum temperature for growth is c. 60—65° C. Fermentation occurs at 
69° but not at 72° C. Temperature minimum c. 37° C. 

Cl. thermobutyricum is non-pathogenic for mice and guinea pigs. 

No catalase is formed. 


Bacillus thermolacticus n. sp. 


Bacillus thermolacticus could easily be isolated on nutrient agar by aerobical 
incubation at 60° C. Grown in liquid medium for 2 days it forms Gram posi- 
tive rods, 9.5—0.7 by 2.5—5 microns with rounded ends, occurring singly or 
in pairs. Electron micrographs (figure 4) show peritrichous flagella. The 
terminal spores are oval, measuring 1.0—1.2 by 1.7——2 microns. 

On nutrient agar circular, convex, slimy, yellowish white, translucent sur- 
face colonies with entire edges are formed. Subsurface colonies are small, 
irregular, whitish. 
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The most favourable pH-interval for fermeniation seems to be pH 6.5—7.5. 

This bacterium grows well on ordinary media, e.g. nutrient agar and 
nutrient broth. No pellicle is formed on nutrient broth. On potato scant 
growth. 

Gelatin is decomposed at 55°. Litmus milk is not coagulated but the litmus 
is reduced. Indol is not formed. Nitrite or ammonia are not produced from 
nitrates. 

Bac. thermolacticus vigorously ferments a great number of carbohydrates 
with production of ethanol, glycerol, ‘ormic, acetic, lactic and succinic acids 
and carbon dioxide. 

Fermented are: glucose, fructose, mannose, galactose, arabinose, xylose, 
rhamnose, maltose, sucrose, lactose (weakly), cellobiose, melibiose, trehalose, 
raffinose, starch, dextrin and mannitol. No fermentation was obtained with 
glycerol, sorbitol, dulcitol or inulin. Cellulose is not decomposed. 

This bacterium is aerobic or microaerophilic. Optimum temperatur c. 60— 
70° C. Growth occurs in liquid medium at 75° and 45°, but not at 80° 
och 37° C. 

Bac. thermolacticus is non-pathogenic for mice and guinea pigs. 

Catalase is formed. 


Fermentation Balances 


Fermentations were carried out anaerobically with 500 ml medium filled 
in 1500 ml. spherical flasks, equipped with three very narrow necks. After 
inoculation the flasks were evacuated and the necks sealed by fusion. In 
addition the flasks containing Bac. thermolacticus were supplied with a 
measured amount of air. 

The medium for Cl. thermocellulaseum was the one described on p. 653. 
In experiments B (table 2) tryptone and yeast autolyzaie were omitted. In 
this case only a mineral salt solution with addition of biotin (see p. 656) 
was used. 

Cl. thermobutyricum and Bac. thermolacticus were also grown in the 
nutrient solution described on p. 653, but the cellulose was substituted for 
10 g./1. of glucose. 

For Cl. thermocellulaseum and Cl. thermobutyricum but not for Bac. 
thermolacticus 0.4 g./l. of sodium thioglycollate was added. 

The flasks were incubated at 55° C. 

Analysis. — After fermentation the flasks were filled to atmospheric pressure 
with nitrogen. In samples of the gas mixture, CO, and H, were estimated in the usual 


manner by absorption in alkali and by combustion respectively. The fermented 
liquor was acidified with phosphoric acid and cautiously heated. Dissolved CO, as 
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well as CO, deriving from remaining CaCO, were removed by a current of nitrogen 
and absorbed in ascarite. 

Of the volatile neutral products of fermentation only ethanol and 1-butanol were 
formed in significant quantities. The alcohols were distilled off from the neutralized 
fermented liquor and oxidized to the corresponding fatty acids with K,Cr,O, and 
H,SO,. These acids were determined in the manner described below for the volatile 
acids formed in the fermentation. 

After removal of the alcohols an aliquot of the residue (in case of Cl. thermo- 
cellulaseum an aliquot of the original fermented liquor) was evaporated to small 
volume. After acidification with H,PO, volatile fatty acids were distilled off with 
steam and titrated. The volatile acids consisted of formic and acetic acids and in 
case of Cl. thermobutyricum also butyric acid. — Before distillation sugars formed 
during fermentations with Cl. thermocellulaseum were removed by means of CuSO, 
and Ca(OH) .. 

After titration of the distilled volatile acids the distillate was evaporated to small 
volume. An aliquot was taken for determination of formic acid by oxidation with 
HgCl,. Univalent Hg formed in the oxidation was determined iodometrically. If 
the fermented liquor contained only formic and acetic acids the amount of the latter 
was obtained as the difference between total acidity and formic acid acidity. 

After fermentation with Cl. thermobutyricum the liquor contained formic, acetic 
and butyric acids. By means of micro steam distillation the acids were collected 
in about 75 ml of distillate. In this solution formic acid was determined as mentioned 
above. Acetic and butyric acids were determined by a modification of the partition 
method of Osburn, Wood and Werkman (8) with isopropyl ether as the solvent. 

After the alcohols had been distilied off and disturbing products precipitated with 
CuSO, and Ca(OH), lactic acid was determined according to Friedemann and 
Graeser (9). 

For determination of succinic acid an aliquot of the fermented liquor after eva- 
poration and addition of H,SO, and desiccated Na,SO, was extracted with ethyl 
ether in Soxhlet for 2 days. Potentiometric titration of the ether freed extract 
according to Pucker, Vickery and Wakeman (10) (cf also Conway and Brady 11) 
was preferred to precipitation as Ag-salt, because with the latter method too low 
figures are often obtained. The figure obtained was corrected for the lactic acid 
content after a separate determination of this acid in the titrated solution. If present 
in the extract phosphoric acid was precipitated with Ca(NO,), and NaOH (pH 
€. 9.0) before the titration. 

With Cl. thermocellulaseum also unfermented cellulose and sugars formed during 
fermentation had to be determined. 

The cellulose was taken on a weighed filter, washed with water and dried at 
105° C over night. 

In determination of sugars neutral Pb-acetate was added to an aliquot of the 
original liquor. The precipitate was remowed by centrifugation. Excess of Pb was 
removed with K-oxalate. After centrifugation the solution was evaporated in vacuo 
and made up to exact volume. Samples of this solution were pipetted into test tubes 
and HCl added to a concentration of 10 °/o. The tubes were kept at 100° C for 60 
minutes, After neutralization reducing sugars were determined as glucose according 
to Schoorl. 

Small amounts of glycerol formed by Bac. thermolacticus were determined with 
periodic acid according to the method of Fleury and Fatome (12). 
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As shown in the tables the three bacteria produce largely the same main 
products of fermentation. Some differences exist however. Only Cl. thermo- 
butyricum forms butyric acid and butanol. Under certain circumstances 
(Enebo 4) this production can be considerable. — Contrary to the others 
Bac. thermolacticus forms small amounts of glycerol but does not evolve Hy. 

Carbon recovery and redox-index are satisfactory in all cases. This is of 
special interest because earlier attempts to account for the cellulose consumed 
in thermophilic cellulose fermentation with pure cultures have been unsuccess- 
ful (McBee 2 and Imsenecki 13). In fact the carbon recovery in the fermenta- 
tions with Cl. thermocellulaseum and Cl. thermobutyricum was so high that 
it indicated CO,-fixation. A preliminary attempt to demonstrate CO,-fixation 
was therefore performed. Fermentations were made with 100 ml. each of 
the medium mentioned above with addition of a small amount of CaC!?O,. 

Table 3 indicates that the CO,-fixation of Cl. thermocellulaseum is very 
minute and possibly limited only to the formation of succinic acid. 1.16 per 
cent of the carbon dioxide added was bound in fermentation products. Cal- 
culated on basis of carbon in the products and assuming 1.16 per cent of fixed 
carbon dioxide, the influence of CO,-fixation in the carbon balance is about 
2 pro mille. The succinic acid formed by means of CO,-fixation amounts to 
1.6 per cent of total succinic acid. Experiments were made to find out if 
more CO, would be fixed under higher CO,-pressure, but the result was 
negative. 

Virtanen (14) and Koistinen (15) demonstrated CO,-fixation in cellulose 
fermentation with mixed cultures, but they did not prove that the fixation 
was performed by the cellulolytic bacterium. 

No signs of CO,-fixation could be detected with Cl. thermobutyricum. 


Table 1a. Clostridium thermocellulaseum. Experiments A. Products obtained in fermenta- 
tion of cellulose. Medium containing tryptone and yeast autolyzate. Incubation for 10 days 
at 55° C. Products expressed per g of cellulose consumed. 


Experiment no. 1 2 3 4 5 6 7 
Ber mM g mM g ImM| g |mM| g |mM| g |mM| g |mM| g 
Carbon dioxide ...... 1,6410.072|1.64/0.072|1.64/0.072|1.64)0.072) 1.48|0.065|1.57/0.069|1.84/0.081 
anal) ct... 1.2210.056|1.2210.056|0.96/0.044|1.11/0.051/0.87|0.040/0.85|0.039|1.04/0.048 
Formic acid ......... 0.37/0.017/0.89|0.041|0.33|0.015)0.30|0.014)0.48|0.022|0.37/0.017|0.28|0.013 
Meteo acid... 2 80/0 168 1.15/0.069/2.52/0.151|1.77/0.106/2.82/0.169/2.08/0.125/1.72,0.103 
Lactic acid ..........|2.81/0.253|1.78|0.160|1.61 0.145|2.80/0.252|3.38|0.304|1.68|0.151/3.21|0.289 
Suceinie acid ......|0.47|0.055|1-19|0.140|0.96|0.113|0.83)0.098| 1.12|0.132|1.09|0.128|0.51/0.060 
Glucose nr... 2.580.465 3.200.576!3.14|0.565|2.63|0.473|2.27|0.408|3.26\0.586|2.83|0.509 
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Table 1b. Clostridium thermocellulaseum. Carbon recovery in experiments A; g carbon 
obtained per g of cellulose consumed. 


i EEE EEE EE a TT 


Experiment no. 1 
Products of fermentation 
Carbon dioxide ............-... 0.020 
Ethanol... sera 0.030 
Formic acid ..................1. 0.005 
Acetic acid .....................| 0.067 
LACHC Tr ACIER. 0. LOT 
Succinicxacid’ Air 0.024 
GIUCOSÉL EM... cl ROL SO) 
Total carbon recovery, g...| 0.433 
Total carbon recovery in per 
cent of theoretical value...; 97.3 


2 3 4 5 6 7 
0.020 0.020 0.020 0.018 | 0.019 0.022 
0.030 0.023 0.027 0.021 | 0.020 0.025 
0.011 0.004 0.004 0.006 | 0.005 0.004 
0.028 0.060 0.042 0.068 | 0.050 0.041 
0.064 0.058 0.101 0.123 | 0.060 0.116 
0.057 0.046 0.040 0.054| 0.052 0.024 
0.230 0.226 0.189 0.163 | 0.234 0.203 
0.440 0.437 0.423 0.453 | 0.440 0.435 

98.9 98.2 95.1 101.8 98.9 97.8 


SS — 


Table 2. Clostridium thermocellulaseum. Experiments B. Results of fermentation of cellu- 
lose in an inorganic salt solution. Incubation for 10 days at 55° C. 


Experiment no. 1 2 3 
Fermentation 2  |Fermentation 2  |Fermentation| 2 
products per) 9 © = products per| 5° = products per| & © = 

Products offermentation 2 Sucellulose “3 5! g cellulose | “= 5| g cellulose | "235 
consumed | © © “| consumed | © © 2| consumed | © a 
wo to © © no“ © 
mM g w°| mM g w®°| mM g So 
Hydrogen... 2... 5.45 | 0.011 — 6.35 | 0.013 — 6.70 | 0.013 ee 
Carbon dioxide ......... 3.39 | 0.149 0.041) 3.64 | 0.160 0.044) 3.98 | 0.175 0.048 
Ethanol .....................] 1.00 | 0.046 0.024) 1.13 | 0.052 0.027) 0.93 | 0.043 0.022 
Formic acid...............| 0.26 | 0.012 0.003) 0.33 | 0.015 0.004 0.30 | 0.014 0.004 
Ncetlczacid ee 3.28 | 0.197 0.079| 3.22 | 0.193 0.077) 3.07 | 0.184 0.074 
Lactic acid ...2....8%... 2.71 | 0.244 0.098, 1.92 | 0.173 0.069) 1.60 | 0.144 0.058 
Succinic acid ........... 0.71 | 0.084 0.034) 1.14 | 0.135 0.055) 0.97 | 0.114 0.046 
GIUCOSERN . ala. ee .| 2.31 | 0.416 0.166} 2.46 | 0.442 0.177} 2.72 | 0.490 0.196 
Total carbon recovery, g| — == 0.445| — = 0.453| — = 0.448 
Total carbon recovery in 
per cent of theoretical 
Wale Senn — —  |100.0 = — LOIS — —Z 21007 
Oxidation-reduction 
Index trennen = AT — 1102 — =; 1.08 — 


Table 3. Clostridium thermocellulaseum. Results of cellulose fermentation with addition 
of CaC!4O3. Medium containing inorganic salts only. 


Products 


Acetic acid 
Lactic acid 


SUTEINICTACHA cortcsaeaukuun eesinmerente 


Carbon dioxide, added 
Cellulose, consumed 


lemme ET TE 


counts per total t 
mg mg carbon mg and one ae, 

PAT per minute 

PE OT 61 32 23 1,400 

RAO ORS 10 3 81 810 

87 35 4.5 390 

ee 67 27 88 5,900 

69 28 808 56,000 

Total 294 125 = 64,500 
a 

RER ate 102 28 54,700 5,580,000 

er 473 210 — == 
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Table 5. Bacillus thermolacticus. Products obtained in fermentation of glucose. Medium 
containing tryptone and yeast autolyzate. The flasks supplied with 200 ml of air. Incubation 
for 10 days at 55° C. 


ee À 


Experiment no. 1 2 
Fermentation Fermentation 
products per | g C per g products per | g C per g 
Products of fermentation g glucose glucose g glucose glucose 
consumed consumed consumed consumed 
mM g mM g 
Carbon dioxide 7... | 12732 120.076 0.021 1.62 | 0.071 0.019 
Ethanol En ee 1.83 | 0.084 0.044 2.11 0.097 0.051 
Kormiczactd + | 1-07 0.049 0.013 0.76 | 0.035 0.009 
ACOLIC ACIG 2-2 0.53: | 10.032 0.013 0.73 | 0.044 0.018 
Eactic. acid. ee 6.80 | 0.612 0.244 5.92 | 0.533 0.213 
Suecinie acid. ee 0.68 | 0.080 0.033 1.31 0.155 0.063 
Glycerol EE ner. 0.49 | 0.045 0.018 0.36 | 0.033 0.013 
Total carbon recovery, g ...... — — 0.386 — — 0.386 
Total carbon recovery in per 
cent of theoretical value ...| — _ 96.5 == = 96.5 
Oxygen consumed.................. 0.53 — = 0.46 = — 
Oxidation-reduction index ...... = 1.00 == = 0.97 = 


McBee (2) has recently isolated six strains of cellulose thermophiles for which 
he proposes the name Clostridium thermocellum. This name has earlier been used 
by Viljoen et al. for a culture which proved to be contaminated (16). It seems that 
acceptance of this name for the cellulose thermophiles may give rise to confusion and 
mistakes. 

Morphologically Cl. thermocellulaseum corresponds to the description given by 
McBee for his strains, but certain physiological differences indicate that Cl. thermo- 
cellulaseum is not identical with the bacteria of McBee. 

McBee observed that cultures failed to grow after 2 or 3 transfers on cellulose 
medium lacking growth factors. With Cl. thermocellulaseum up to 10 transfers were 
made on pure mineral base medium without any loss of the viability of the culture. 

The strains of McBee were able to ferment only cellulose, cellobiose, xylose and 
hemicelluloses. Cl. thermocellulaseum in addition vigorously ferments glucose, 
fructose and arabinose and slowly mannose and maltose. 

Most striking are the differences in the fermentation balances. Cl. thermocellu- 
laseum gives very good balances which indicates that only the compounds estimated 
are formed in significant quantities. But of the strains of McBee only one gave a 
satisfactory carbon recovery (102 °/c). With the other strains the carbon recovery 
was only 49 to 64 per cent, although the same compounds were estimated as in our 
work. This indicates formation of compounds not formed by Cl. thermocellulaseum. 


With respec. to oxidation-reduction index a corresponding difference appears between 
Cl. thermocellulaseum and the strains of McBee. 
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Summary 


The isolation and characterization of three bacteria, connected with thermo- 
philic fermentation of cellulose, are described. The bacteria appeared together 
in an elective cellulose fermenting culture. 

Clostridium thermocellulaseum n.sp. hydrolyzes cellulose mainly to cello- 
biose and glucose. In addition it produces ethanol, formic, acetic, lactic and 
succinic acids, CO, and Hg. It is capable of CO,-fixation. 

Clostridium thermobutyricum n.sp. which does not attack cellulose has 
apparently a symbiotic function in thermophilic cellulose fermentation. Grown 
on sugars or starch it forms the same fermentation products as Cl. thermo- 
cellulaseum. In addition it produces butyric acid and butanol. 

The other symbiont, Bacillus thermolacticus n.sp. ferments sugars to 
ethanol, formic, acetic, lactic and succinic acids, glycerol and CO,. 

Fermentation balances for these bacteria showed satisfactory carbon 
recovery and oxidation-reduction index. 


The author wishes to express his gratitude to Miss Elisabeth Johnsson for her 
valuable assistance in the experiments. The author is also indebted to Mrs Margareta 
Koch and to Mr. D. Ekström for their help and to Dr. Cl. Weibull for taking the 
electron micrographs. 
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Impurities in Technical Methoxone and their Influence 
on Plants 


By 
BERIT HANSEN 


Botanical Laboratory, Lund 
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Practical observations on weed control with methoxone herbicides of 
varying degrees of purity have been made by Bönnelyche and Thuröe A.-B., 
Malmö, Sweden. They have found that various impure technichal prepara- 
tions give different results, and that impure preparations are more active as 
herbicides than pure methoxone (i.e., 2-methyl,4-chlorophenoxyacetic acid). 
The purpose of this investigation is therefore to eludicate further how the 
effects of technical methoxone are influenced by its own impurities and also 
how these impurities affect the specific response of plants. The investigation 
was carried out from Januari 1, 1950 to June 30, 1951, and has been financed 
by Bönnelyche and Thuröe A.-B., who have also isolated the different com- 
pounds and placed them at our disposal. 

Methoxone, industrially prepared from methylphenol, contains as impuri- 


Tab. 1. Composition of an Agroxon preparation. — An Agroxon solution which ‘contains 
100 g. pure methoxone contains also the following compounds: 


Compounds per litre Agroxon Values in grams according to Prawitz 
D-MmMethylpnenoleee cae s. cscs. cscleesle cece see eee cesser. 1 
2-methyl,6-chlorophenol...................- ee 4— 6 
2-methyl,4-chlorophenol ......................:................ 10—15 
2-methyl,4,6-dichlorophenol ................................. 1— 2 
2-methylphenoxyacetic acid ...........:.:................... 6 
2-methyl,6-chlorophenoxyacetic acid . ER 
2-methyl,4-chlorophenoxyacetic acid = = methoxone be (100) 
2-methyl,4,6-dichlorophenoxyacetic acid ..............: 12 
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ties different phenols and phenoxyacetic acids. They result from incomplete 
carboxylation and from formation of chlorinated products with chlorine in 
various positions (table 1). The data concerning the concentrations of the 
compounds have been supplied by G. Prawitz, Bönnelyche and Thuröe A.-B. 


Methods 


The acids and phenols were used as sodium salts, soluble in water. The 
test materials were Weibull’s Eroica wheat, Kloster peas, White mustard, 
and Adoptive oil-flax. The plants were grown in well-aerated nutrient solu- 
tions at 20° C. under artificial illumination. The solution had the following 
composition: KNO, 1/1000, Ca(NO,), 1/500, KH,PO, 1/1000, MgSO, 1/2000, 
MnSO, 1/50000, Fe-citrate 1/50000, and Na,HPO, for wheat and peas 1/1000 
and for mustard and flax 1/4000. All concentrations are expressed in mols. 
In the solutions for wheat and peas the pH amounted to 7 and for mustard 
and flax it was 6. These conditions permitted a very satisfactory growth. 

After having been germinated for three days and then cultured for one day 
under these conditions the plants were treated for four hours. The entire 
plants were immersed in the following additions: 


a) none. These plants were regarded as controls. 

b) pure methoxone 10—* M for wheat and peat, and 10-* M for mustard and 
flax owing to their greater sensitivity. 10° M methoxone was lethal for 
these plants. 

c) pure methoxone in the same concentrations as in b) plus various con- 
centrations between 10° M and 5 : 10? M of one of the isolated impurities. 

d) the same concentrations of the impurity without methoxone. 


About 28 plants were used for each test and 56 plants for the control. 
Each series, which dealt with one impurity, usually consisted of eight tests. 
About 50 series were carried out. 

After the treatment the plants were rinsed in water and returned to the 
former conditions, The development of the plants and the alterations in their 
growth were macro- and microscopically observed for five to ten days. The 
rapidity of growth was determined by weighing the plants. 


Results 


At this stage of knowledge of how 2,4-D herbicides interfere with the 
metabolism of plants, quantitative measurements are of little value. Only the 
increase in the fresh weights of the plants were noted here as a rough 
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Fig. 1. Retarded growth of pea shoots without any deformities. The third and fourth 

leaves eleven days after the plants were treated with A: 10-3 M 2-methyl,4,6-dichloro- 

phenoxyacetic acid, B: 10-2 M methoxone, C: 10—* M 2-methyl,4,6-dichlorophenoxyacetic 
acid and 10—% M methoxone, and D: control. 


measure of the rate of growth, although this is not correct. Not even photo- 
graphs do full justice to the results. Therefore the results were expressed by 
morphological observations. 

The morphological effects of pure methoxone was the same as is reported 
in the literature for herbicides of the 2,4-D type. As regards shoots the treat- 
ment described above did not cause any radical alterations or deformities. 
Their growth was retarded or stopped for some days but when this stage 
was passed the shoots grew out quite normally (figure 1). The bases of 
wheat vaginae swelled a little during this inhibition. The first internodes of 
peas even swelled and their epidermal parts became white and inflated. 
Microscopically the swelling was a proliferation of the pericycle. Even the 
mustard stems became thicker and sometimes curved. These abnormalties 
soon ceased and the development of the shoots appeared to continue as usual. 

The reaction of roots after the methoxone treatment was more pronounced. 
The first effect consisted of a total inhibition of elongation without death 
of the roots. Cell division and cell elongation in the root apex ceased. Never- 
theless, general development appeared unimpaired and the next macroscopic 
effect was a swelling of the roots, especially of the pea roots. Microscopically 
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a b 


Fig. 2. Comparison between hormonal effects and phenol effects. a. Hormonal effects on 

pea roots. The main root has begun growing after a ten days inhibition. Lateral roots are 

frequent and fasciated. — b. Phenol effects on pea roots. The growing parts of the main 
root have been killed. The lateral roots are few and normal. 


this was due to radial divisions of full-grown cells. Lateral roots were formed 
along the whole main root in much greater profusion than in the control 
plants. In peas they were fasciated and sometimes they even grew together 
as broad bands (figure 2a). Inhibition of the elongation of the main root 
sometimes disappeared about ten days after the treatment. All these pheno- 
mena are included here in the concept of methoxone effects or more generally 
hormonal effects. They have been earlier described in the literature and no 
attempts were made to find an explanation in this connexion. References are 
given by Zimmerman (4) and Dunham (3). 

The impurities, isolated from technichal methoxone, consist of phenols 
and phenoxyacetic acids. Table 1 shows a survey of these substances. The 
effects of the phenols ‘were quite different from the methoxone effects. As 
a rule they did not alter or they weakly retarded the rate of growth in 
lower concentrations, and in higher amounts they poisoned and killed the 
plants. The toxicity also increased with increasing chlorination of the phenols. 
Only 6-chloro,2-methylphenol stimulated the growth of wheat. This occurred 
in all concentrations, even 5 : 10-° M. These changes of the rate of normal 
growth are called phenol effects (figure 2b) in contrast to the methoxone 
or hormonal effects. 

The impurities 6-chloro,2-methylphenoxyacetic acid and, though very 
weakly, 4,6-dichloro,2-methylphenoxyacetic acid showed hormonal activity 
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Tab. 2. Average increase in fresh weights of wheat in g. per 10 planis during 5 days after 
the treatment. Molar solutions. Italic values are increases in fresh weights which represent 
significant positive rate of growth. The values of the impurities are compared with the 
control values, and those of methoxone + impurities with the values of methoxone alone. 


- |& Methoxone 10-3 + : 
ss SEN EIS + Impurity AR 
Kind of impuritÿ: E 2° 
3 = 10-5 | 10-4| 10-3|5-10-3] 10-5| 10—4| 10-315 -10—3 
shoot | 1.15] 0. 7 ; ; — 5 : .25 
2-methylphenol 700: | 0.65) 0.83) 031 | 0291 020| — | 0.59) 0.68| 0.60 
2-methyl,6-chloro- shoot | 1.02] 0.62) — | 0.58 | 0.82| 0.98 — | 1.07 | 1.05 | 1.20 
phenol root |0.51[0.14 — | 0.11] 0.22| 0.28 | — | 0.56| 0.45| 0.54 
2-methyl,4-chloro- shoot | 0.95] 0.75) — | 0.75 | 0.84| 0.34 — | 1.01 | 0.94| 0.34 
phenol root | 0.70) 0.38; — | 0.30 | 0.32| 0.02 — | 0.62| 0.56 | 0.04 
2-methyl, 4, 6-di- shoot | 0.81) 0.41] 0.42 | 0.50 | 0.18 — 0.92 | 0.73 | 0.23| — 
chlorophenol root | 0.29/ 0.08| 0.05 | 0.09| 1 — | 0.35] 0.36) ! — 
2-methy!phenoxy- shoot | 1.32] 0.75) — | 0.68] 0.34 1 — |1.19| — 1.25 
acetic acid? root | 0.66| 0.26; — | 0.25 | 0.20 1 — | 0.42} — | 0.53 
2-methyl,6-chloro- shoot | 1.07) 0.67; — | 0.63] 0.63] — — | 0:97) 1.01 — 
phenoxyaceiic acid root |0.59| 0.25| — | 0.21 | 0.17 = — | 0.59 | 0.48 = 


1 killed. ? 6 days instead of 5. 


Tab. 3. Average increase in fresh weights of peas in g. per 10 plants during 5 days after 
the treatment. Molar solutions. 


vo 
nr Methoxone 10—3 + : 
E 4 F 2 R? + Impurity Honor 
Kind of impurity: E So 
= = 10—5| 10-4| 10—3/5-30—3) 10—5| 10—4| 10—3|5-10—3 
henol shoot | 3.58] 1.22) — | 1.25 | 1.08| 1.51 — | 3.48 van 2.98 
aprecthylphene root | 2.72) 1.67; — | 1.70] 1.92] 1.93 | — | 2.81] 289] 2.43 
2-methyl,6-chloro- shoot | 4.09] 1.77) — | 1.59 | 1.42 1 — | 4.30 | 2.91 1 
pbenol root |3.34| 2.39) — | 2.59 | 1.47 I — | 3.34 | 2.20 1 
2-methyl,4-chloro- shoot | 3.60! 1.34) — 1.14 | 1.18 1 — | 3.39 | 1.51 1 
phenol root |2.54|1.47) — | 1.51| 0.42 1 — | 2.54 | 0.48 1 
2-methyl, 4, 6-di- shoot | 3.37| 1.51] 1.17 | 1.07 | 1 3.42 | 3.33 | 1 — 
chlorophenol root |2.92| 1.92) 2.11} 1.47| 1 — | 2.92| 2.64; ! — 
2-methylphenoxy- shoot | 3.23) 1.34) — | 1.68 | 1.64] 1.66 — | 3.14] 3.56 | 3.12 
acetic acid root |2.04| 1.33) — | 1.31] 1.40| 1.13 | — |1.94| 2.20| 2.02 
2-methy],6-chloro- shoot | 4.23|1.32) — | 1.39 | 1.27 = — | 4.12] 215) — 
phenoxyacetic acid root | 2.93/1.91| — | 1.72) 1.63) — — | 2.66} 2.00; — 
2-methy], 4, 6-dichloro- shoot] 3.71) 1.90} 1.36 | 1.39 | 7.90; — 3.91 4.10} 2.46) — 
phenoxyacetic acid root |2.75]| 2.14] 1.67| 1.75| 164] — | 2.70] 3.01] 1.62) — 
1 killed. 


Italic values see tab. 2. 


44 
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Fig. 3. Antagonism between methoxone and 
6-chioro,2-methylphenol. Wheat plants have been 
treated with A: 10-3 M methoxone, B: 10-3 M 
methoxone and 5 : 10-3 M 2-methyl,6-chlorophe- 
nol, C: 5-10—% M 2-methyl,6-chlorophenol, and 
D: control. The phenol itself stimulates growth. 
It decreases the methoxone effects. 


of the same type as does methoxone. The unchlorinated acid belonged more 
to the phenol group. 

The question here is how the effects of methoxone are changed by the 
impurities. Unchlorinated methylphenol alone did not affect wheat in the 
concentrations mentioned above. Yet it decreased the effect of methoxone 
and thus gave a more normal development when they occurred together. The 
rate of bulk development increased. Methylphenol had thus an antagonistic 
effect upon methoxone. Even in tests with peas and mustard it antagonized 
methoxone. Flax was more sensitive to methylphenol alone and 5: 107° M 
killed the root meristems. It decreased the methoxone effects but its own 
inhibition appeared instead. No positive growth was noticed and thus we 
cannot speak about antagonism. Growth measured as fresh weight in grams 
per ten plants during five days after the treatment are shown in tables 2 and 3. 

While unchlorinated methylphenol did not affect wheat 6-chloro,2-methyl- 
phenol had a stimulating effect by itself, even in 5 : 107° M. According to Bur- 
ström (1) chlorinated phenoxyisobutyric acids exert a more positive effect 
upon roots than does the unchlorinated phenoxyisobutyric acid. 6-chloro,2- 
methylphenol in methoxone solutions remarkably reduced the effect of 
methoxone (figure 3). The dicotyledones did not react in the same way. 
10% M 6-chloro,2-methylphenol killed the meristems and the stretching 


IMPURITIES IN TECHNICAL METHOXONE 673 


zones of roots of peas and mustard. 5 : 10-3 M killed the whole plants. This 
phenol reduced the methoxone effects and exerted its own toxic effect. The 
vitality of the plants decreased with increasing concentration. Flax was killed 
by 10° M phenol independently of the methoxone. 

Compared with 6-chloro,2-methylphenol 4-chloro,2-methylphenol was 
more toxic to wheat. It wholly inhibited root growth in 10-2 M and in 
5:10 ° M it killed the root meristems. The methoxone effect was partly 
replaced by the phenol effect and the vitality of the plants lessened though 
the methoxone effect decreased. Peas reacted as wheat but more strongly. 
In mustard and flax the phenol effect predominated. 10-? M 4-chloro,2-me- 
thylphenol killed with and without the presence of methoxone. 

The effects of 4,6-dichloro,2-methylphenol were very similar to those of 
4-chloro,2-methylphenol but the toxicity was still greater. Peas, mustard 
and flax were killed by 10~* M with or without methoxone. This phenol 
thus predominated over methoxone. 

The acids which correspond to the phenols and occur as impurities in 
commercial methoxone compounds were all less active than methoxone. 
2-methylphenoxyacetic acid caused no visible hormonal effects. The growth 
of wheat was slightly retarded and this retardation was additive to the effects 
of methoxone without antagonism. With peas and mustard this acid an- 
tagonized methoxone. Even 5 : 10% M acid increased their rate of growth as 
compared with growth caused by pure methoxone. 

6-chloro,2-methylphenoxyacetic acid brought about hormonal effects, not 
in wheat, which perhaps was slightly retarded, but in the dicotyledones. The 
effects were not so strong as those of methoxone. They did not change the 
methoxone effects but were additive to them. From those parts of pea roots, 
whose cells were in the stretching stage during the treatment, lateral roots 
later appeared of the same type as those from methoxone-treated plants. 
10— M acid killed mustard and when together with methoxone the plants 
were killed by 10~* M solution. Flax was also retarded and hormonal roots 
occurred. r 

4,6-dichloro,2-methylphenoxyacetic acid was not as toxic as the cor- 
responding phenol. 10-? M acid only retarded root growth of peas, killed the 
meristems of mustard and inhibited those of flax. Few hormonal lateral roots 
were seen from the part of the main root which belonged to the stretching 
zone during the treatment. The rest of the lateral roots were normal and less 
numerous than those from acid-treated roots. The acid did not change the 


methoxone effects. 
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Hormonal effect 


OH O-CH, COOH 
Ge Cy 
Cl Cx (Methoxone) 
Toxic effect 
ia | Denar Oa Fig. 4. Diagram showing the relation be- 
Ci CH, | c CH, tween chemical structure and type of acti- 
| vity of the compounds when supplied to- 
C1 | (eat gether with methoxone. 
| 
Discussion 


It has often been presumed that the different sensitivity of plant species 
to herbicides depends on the wetting capacity of the solutions and thus even 
on the surface structure of the plants. This investigation points out that 
such a plant selectivity is clearly expressed even when the preparation is 
directly supplied to the roots. The selectivity may thus be more closely con- 
nected with internal conditions of the plants and is not only dependent upon 
wetting and rate of absorption through the leaves. It also shows that roots 
are more sensitive to methoxone than shoots. It is of theoretical importance 
that the physiological properties of roots are considered when estimating the 
effects of herbicides on plants. : 

According to this the impurities thus modify the effect of pure methoxone 
in three ways (figure 4). The first group, 2-methylphenol, 6-chloro,2-methyl- 
phenol and 2-methylphenoxyacetic acid worked as antagonists and thus 
decreased the effect of methoxone. Alone they did not always have the same 
effects (see above). The second group consisted of the hormon-like 6-chloro, 
2-meihylphenoxyacetic acid. Its own effects were similar to but less signi- 
ficant than those of methoxone. The effects of methoxone were strengthened 
so that the plants seemed to be treated with a stronger methoxone solution 
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than was actually the case. The third group, 4-chloro,2-methylphenol, 
4,6-dichloro,2-methylphenol and its corresponding acid, did not alter the 
methoxone effects. The acid when alone caused hormonal roots within ‘he 
stretching zone, but not elsewhere. These impurities were of such a high 
toxicity themselves that they killed or decreased the vitality of the plants. 

The scheme in figure 4 outlines the parallellism between the chemical 
structure of the impurities and their activities. The compounds are arranged 
with unchlorinated methylphenol as the reference substance. The phenols to 
the left and the acids to the right have been arranged horisontally so that the 
homologous phenol and phenoxyacetic acid are placed by each other, and 
vertically they are placed according to their increasing chlorination. 

Substances which antagonize methoxone are unchlorinated or have one 
chlorine in the ortho-position. They may be phenols or acids. Compounds 
which contain a chlorine in the para-position are more active (toxically or 
hormonally active) than the corresponding ortho-compounds. A high chlo- 
rination causes high toxicity. Substances causing hormonal effects are car- 
boxylated. 6-chlorophenoxyacetic acid — an acid which does not belong to 
the impurities — was tested in the same manner and gave apparently the same 
results as 6-chloro,2-methylphenoxyacetic acid. This fact accentuates the 
borderline which has been drawn between the unchlorinated acid and the 
orthochlorinated one. The effects of 2-methylphenoxyacetic acid antagonize 
those of methoxone, while the effects of the ortho-chlorinated acids are 
hormonal and additive to the methoxone effects. 

The varying sensitivity of different plant species is altered by addition of 
a compound from any one of these three groups. The antagonizing compounds 
have not — as is emphasized in the results — the same effect on all species 
treated. 2-methylphenol antagonizes methoxone in peas and mustard but 
not in flax. 6-chloro,2-methylphenol antagonizes only in wheat. It was rather 
more or less toxic to the dicotyledones. The unchlorinated acid antagonizes 
best in peas. When the methoxone effects are increased by a contamination 
the sensitivity of mustard and flax is increased more than that of peas. The 
changes in the sensitivity of wheat are very small. The effects of more toxic 
compounds, i.e., the para- or dichlorinated ones, predominated over the 
methoxone effects so that the resistance to the toxicity is decisive. The 
resistance of the dicotyledones is about the same and wheat is a little more 
resistant. 

All these impurities are thus more or less growth active and participate 
in the selectivity which is attributed to methoxone. They cause aberrations 
in the rate of growth, hormonal effects, antagonism, and toxic effects. The 
physiological notes made here may explain some differences in the results 
obtained from practical investigations usually performed with more or less 
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impure preparations. It is possible that some of the impurities may be usable 
in the practice. According to Crafts and Emanuelli (2) and others 2,4-D is 
fortified with pentachlorophenol in order to produce better weed control in 
sugar cane and corn fields. 

The results now related show that full attention must be paid to the degree 
of impurity of commercial preparations. 


Summary 


It is found that technical methoxone prepared from methylphenol contains 
about 60 per cent 2-methyl,4-chlorophenoxyacetic acid and 40 per cent im- 
purities consisting of different phenols and phenoxyacetic acids. The purpose 
of this investigation was to show how the effects of pure methoxone were 
influenced by these impurities and if they affected the specific response 
of plants. 

Wheat, peas, mustard and oil-flax were treated for four hours with 
methoxone, or an impurity, or both combined. After this they were kept under 
constant normal conditions and their development was followed. 

_ The different sensitivity of plant species-is clearly expressed even when 
the preparation is directly supplied to the roots. The selectivity may be more 
closely connected with internal conditions of the plants and is not only 
dependent upon wetting and rate of absorption through the leaves. 

The impurities modify the effects of methoxone in three ways. 2-methyl- 
pheno}, 6-chloro,2-methylphenol, and 2-methylphenoxyacetic acid work as 
antagonists and thus decrease the effects of methoxone. 6-chloro,2-methyl- 
phenoxyacetic acid gives hormon-like effects and enhances methoxone. 
4-chloro,2-methylphenol, 4,6-dichloro,2-methylphenol and 4,6-dichloro,2-me- 
thylphenoxyacetic acid do not alter the methoxone effects but are compara- 
tively toxic to the plants. 

There is an obvious parallellism between the chemical structure of the com- 
pounds and their effects. 

The varying sensitivity of the different plant species is modified by the 
impurities. 
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Introduction 


The question of the specific surface of a fertilizer and the effect it produces 
has often been discussed. It is known that pulverization of a sparely soluble 
fertilizer increases its effect. Further the difference in the effect of e.g. dif- 
ferent sparely soluble potassium fertilizers may partly be caused by the dif- 
ferent crystal lattices of the different minerals. 

The specific surface, the condition of the surface and the crystal lattice 
or nature of the mineral are among the factors which determine the minera- 
lization or weathering rate of sparely soluble fertilizers, e.g. minerals. The 
weathering rate is of decisive importance of the fertilizing value apart from 
factors of interaction differing from one case to another. 

The weathering rate depends on several factors amongst which are the crystal 
lattice and the surface of the mineral. Jackson et al. (5) has in a most inspiring 


work viewed the weathering rate (weathering pr. unit time (t)) as a product of an 
intensity and a capacity factor as outlined below: 


Weathering rate=intensity factor Xcapacity factor 
=f (temperature, water, protons, electrons) X (surface, nature of 


mineral) 


The weathering stage at any given time may then be represented schematically 
as a summation: 


Weathering stage= Xf (T, H,O, H*, Ae-, s, km, t) 


The intensity factors of weathering are temperature (T) with its relationship to 
humus formation, leaching provided by drainage (water), the acidity of the soil 


[677] 
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solution (proton intensity, Ht); furthermore the degree of oxidation (electron inten- 
sity) and its fluctuation (oxidation-reduction, Ae—). The capacity factors of weather- 
ing are the specific surface of the particles (s), and the nature of the mineral being 
weathered (km). 


In order to understand the effect of sparely soluble fertilizers it is well 
to remember that in agriculture both great and small removals of the pro- 
ducts of weathering are caused in rather short time periods, not only by 
different drainage (leaching), but especially by a very different nutrient 
absorption by the plant and (or) fixation in the soil of the different plant 
nutrients. Under many agricultural conditions several other intensity fac- 
tors, e.g. temperature, cannot be altered at will, while other factors e.g. 
protons and electrons, in most cases may only be altered to a considerable 
degree rather slowly. So for sparely soluble fertilizers or soluble fertilizers 
made sparely soluble by fixation in the soil, instant alterations in the weather- 
ing rate can only be affected by alterations in the capacity factor, i.e. nature 
of mineral used and its specific surface (degree of fineness). 

Considerations of this nature are of course schematic and constitute a first 
approximation only. It is well known that several interactions of different 
orders exist between the different factors of weathering and between these 
factors and the plants. Nevertheless — such considerations constitute a sound 
basis for thorough investigations on the valuation of fertilizers whether they 
are sparely soluble at hand or are made sparely soluble by addition to the soil. 

It is often agreed that a comparison of two sparely soluble fertilizers 
with different percentage contents of the same plant nutrient should be made 
at the same degree of fineness of the two substances so that the surface is 
the same per unit of gravity. It would furthermore be of considerable interest 
if such a comparison could be made not only in the way that the surfaces 
of the two fertilizers were the same, but also in the way that the amount of 
atoms of the plant nutrient in question was the same for both fertilizers 
per area unit or per kg soil. If the number of atoms on the surface of the 
mineral can be calculated, it will e.g. be possible to compare sparely soluble 
copper or potassium fertilizers with the same »copper surface» or »potassium 
surface» per area unit or per kg soil. In such a case the difference in effect 
as measured by e.g. the dry matter production only depends on km if s in 
short time periods is not affected by t in a different degree for the different 
minerals. This means that we may in different ways be able to observe how 
the plants react to e.g. copper added in different crystal latcices. 

In the present work the effects as shown by the dry matter production 
of a number of copper minerals will be compared with reference to the 
relative size of the »copper surfaces» and on this basis it will be attempted 
to outline the importance of such investigations for a valuation of fertilizers. 
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I. The Copper Minerals 


The copper minerals were ordered from Dr. F. Krantz, Rheiniches Mineralien 
Kontor, Bonn a.R., viz. 


(1) Copper pyrites or chalcopyrite. Formula: CuFeS,. 

(2) Variegated copper ore or bornite. Formulae: Cu,FeS, or Cu,FeS,. 
(2a) Copper glance or chalcocite. Formula: Cu,S. 

(3) Malachite. Formula: CuCO, : Cu(OH),. 

(4) Copper sulphate. Formula: CuSO, : 5H,0. 


Several formulae of the chemical composition of bornite are given, the second 
of those given above now being used most frequently. 

The copper minerals arrived in rather large lumps, which by crushing and sub- 
sequent careful sifting were divided into two distinct particle-size fractions. One 
of these fractions, named II in what follows, was very coarse, the grain size deter- 
mined by sifting with round-holed sieves, being between 1 and 2 mm. The grain-size 
of the other fraction, which was divided into finer particles, was determined by 
means of a particular method, which has been briefly described in section (d). The 
latter particle-size fraction will be named I in what follows. 

The minerals in question were subjected to a mineralogical examination by Mr. 
Richard Begvad, M. Sc. 

In the case of three minerals the mineralogical analysis was made by means of 
fraction I. At the analysis of bornite with copper glance both fractions were used. 

(a) Mineralogical Analysis. The results of the mineralogical analysis are given 
below. 


Copper pyrites — chalcopyrite, CuFeS, 


IEICE ACCS ert intel nn icin Mle een sea a soie se joie oh about 58 per cent. 

Side rit Camu a A N et a eigen male ns » 

COWETA “Boo er dot. eher » Er» » 
Variegated copper ore — bornite with copper glance — chalcocite 


Bornite. Cu,FeS,. Copper glance. Cu,S. 
Opaque copper minerals chiefly consisting of bornite with 

copper glance with a little copper pyrites and traces of 

IHMEOFEEpper Hl EUSI Ar RE REINE about 97.6 per cent. 
CHAT ZAR CR re a ee » DIE D » 
Iron: 9.3 per cent. according to chemical analysis. 


Malachite. CuCO, : Cu(OH), 


iW FAUEYS CITI. eset ee era orale ra Ser about 90 per cent. 
» 325) > » 
» 6.5 » » 


TESTING TE eR ee. ee NET Grane els RER TEE » 
MEZ ate Oe. DT wets len Ae as en fees 


The mineralogical analyses show that the copper minerals used were not quite pure. 
Apart from copper pyııtes which contained 41 per cent. siderite and 58 per cent. 


680 F. STEENBJERG 


Table 1. Copper analyses. Percentage of Cu. 


Content of | Content of 
M | a copper de- | copper de- 
ur ale eer i si $ “ |termined by| termined 
fertilizer poo FRERES cording to LOW's y minerler 
an method gically 
D que US NAN ee U BR ee Ne ler ee EL Een u FI me 
Copper pyrites | CuFeS, II 34.6 18.0 = 
Copper pyrites... | CuFeS, I 34.6 20.5 20.1 
Bornite with eee II 63.3 58.9 — 
Copper glance ||Cu,S IL 79.9 58.9 = 
Bornite with ae I 63.3 61.6 — 
Copper glance ||Cu,S I 79.9 61.6 = 
Malachite. 27. CuCO,-Cu(OH), II 57.5 51.4 ors 
Malachite ......... CuCO,-Cu(OH), I 57.5 49.5 51.8 
Copper sulphate | CuSO,. 5H,0 = 25.5 25.5 = | 


1 On the meaning of the terms fineness I.and II see the analyses of fineness in section (d). 


copper pyrites, the minerals, however, displayed a degree of purity of 90 to 98 per 
cent. Furthermore — and this is worth noting — the analyses show that the minerals 
not containing copper, such as siderite, limonite, magnetite, and quartz at any rate 
contain no substances injurious to the plants. In this connexion it should also be 
stated that the soil used in the pot experiments like other soils ‘deficient in copper 
showed such a pH that the iron supplied with the copper minerals or with siderite 
can hardly be supposed to have produced any iron effect. Quartz, too, is quite an 
indifferent mineral under the experimental conditions in question. 

On the whole the mineralogical analysis and the chemical analyses mentioned 
in the following sections show that the effects measured in the pot experiments 
were exclusively or practically exclusively copper-effects. As will be shown below 
the production of dry matter already in 1941 was an unambiguous function of the 
amount of copper absorbed. This fact, too, shows that the minerals not containing 
copper were without any importance for the size of the increase in yield. 

(b) Chemical and Physical Variation. With reference to the conclusions to be drawn 
in what follows it will be of importance to give some mineralogical and crystallo- 
graphical information about the copper minerals, copper pyrites, bornite with 
copper glance, and malachite. 

Pure copper pyrites from different localities must be supposed to have the same 
physical and chemical properties. Analyses of copper pyrites, however, frequently 
show a deviation from the formula CuFeS, because of impurities, which often 
consist of sulphur pyrites. 

In the case of bornite conditions are more complicated. This mineral is now 
supposed to be compounded according to the formula Cu,FeS,. Its chemical com- 
position, however, varies within wide limits, as it is capable of absorbing copper 
glance and, to a less degree, copper pyrites in solid solution. Bornite generally 
crystallizes regularly; but certain optical anomalies suggest that the crystallization 
may sometimes be pseudoregular. For these reasons it must be assumed that bornite 
from different localities can very well display different physical and chemical pro- 
perties. The bornite used in the present experiments contained copper glance, which 
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Table 2. Pot Experiments 1939—41. 


Copper pyrites I Bornite with copper glance I 
Class of grain size Percentage Class of grain size Percentage 

>150 u 21.6 >150 u 35.7 
150—100 u 22.4 150—100 u 232 
100— 70 u. 722 100— 70 u 8.1 
70— 40 u 15.6 70— 40 p 21.3 

40— 20 u. 21.8 40— 20 y 9.8 

20— 10 u 3.8 20— 10 x 1.3 

10— Su 4.4 10 5 u 0.5 

<5 p 3.2 <5u 0.1 


Table 3. Pot Experiments 1939—41. 


Malachite 1. 


Class of grain size Percentage 

>150 u 2169 
150—100 u. 16.7 
100— 70 u. 5.7 
70— 40 u 19.7 
40— 20 u 14.9 
20— 10 u 7.7 
10— dy 5.6 
som 7.8 


can occur in two different forms, partly as primarily rhombic copper glance, partly 
as primarily regular copper glance which has later become rhombic. 

Malachite, like copper pyrites, shows simpler conditions, as this mineral must 
be supposed always to crystallize in the same way. It may contain impurities of 
other copper minerals and occur as a secondary conversion product in the upper 
zone of occurrences of copper. 

(c) Chemical Analysis. The copper minerals and the copper sulphate used were 
analyzed for copper. At the analysis of the minerals Low’s method (Treadwell, 
Analytische Chemie, II, 582, 11th ed. 1930) was used. The results of the analyses 
are found in Table 1. For comparison the content of copper is calculated on the 
basis of the results of the mineralogical analysis. It appears from the table that 
the results of the chemical and the mineralogical analyses are in good accordance. 

(d) Analysis of Fineness. As mentioned above, the copper minerals were used 
in two degrees of fineness or particle-size fractions I and II. Fraction II was rather 
coarse, the grain size being between 1 and 2 mm. The fineness was determined 
by sieving analysis. In the case of fraction I the degree of fineness had to be 
determined in a special way. The method used, which is employed in the laboratory 
of »Kryolitselskabet Oresund», is a combination of sifting, estimation of the classes 
of grain sizes under the microscope, and sedimentation analysis by means of 
Andreasen’s sedimentation apparatus (1). The method will not be described in 
detail here. Only should it be said that it is of course far from being theoretically 
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unimpeachable. Thus the estimation of the classes of grain sizes under the micro- 
scope with an ocular net of a known size may be difficult to an untrained person. 
In order to facilitate the estimation of this fraction it is divided into three parts of 
different grain size by suspension in alcohol. 

In the case of the finest fraction, the classes of grain sizes of which are deter- 
mined by means of the sedimentation apparatus, the analysis is of course condi- 
tioned by the mineral being pure or, if it is mixed with considerable amounts of 
other minerals, the specific gravity of all minerals being of fairly the same size. If 
not, the minerals must be separated first. Such a separation is also presupposed at 
the making of the fraction to be estimated under the microscope and the fraction 
to be analyzed with the sedimentation apparatus, as these two fractions are also 
separated by sedimentation analysis. As to the question of peptisation, etc., reference 
must be made to Andreasen and Berg’s paper (1). On the whole it must be said that 
the method to the trained analyst allows of a quick and fairly accurate estimation 
of the distribution of the particles in the various classes of grain size. 

The results of the analysis of fineness are given in Tables 2 and 3. 


II. Results of the Pot Experiments 


In the years 1939—41 pot experiments were made with the copper minerals 
in question and copper sulphate. The crop was barley, which was harvested 
at maturity. The results of the experiments are given in Tables 5 and 6. 

It should be noted that all copper fertilizers were added the first year, 1939. 
As to details of the performance of the pot experiments reference must be 
made to the journals of experiments which have previously been published 
(2). The content of water in the soil could be kept fairly constant during the 
three years as the rainfall was low in the growing seasons. 


Table 4. Amounts of Copper Removed. 


mg Cu removed | Absorption coefficient X 1,000 
Fertilizers ae or per pot in the Grain and straw 

period 1939—41| 1939 1940 1941 
Basal dressing ............ 0 0.37 = — == 
Copper pyrites I ......... 560 1.31 0.25 0.80 0.63 
The SAME .................. 2,790 2.31 0.12 0.36 0.22 
Boënite ll 9... 520 0.45 0.05 0.01 0.11 
The same .................. 2,590 0.81 0.02 0.07 0.07 
BOLD Mas. tte seen cece 520 1.70 0.55 0.94 1.09 
The Same ...... ........... 2,580 2.42 0.21 0.28 0.31 
Malachite 11 COPAINS 2,500 1.38 0.15 0.09 0.16 
| ee. ers val DO 5 te rid 1.03 1.42 1.42 
seria anomie eases R a 0.27 0.43 0.33 
Gus0, HO... 32 1.26 9.14 9.12 9.37 
Erd SAC Mrs: toi 128 1.65 1.30 4.34 4.35 
The (SAMCM nn... 1,020 2.21 0.23 0.88 0.69 
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Table 4 shows partly the amounts of copper removed in all per pot during 
the years 1939—41, partly the absorption coefficients for copper in the case 
of the individual years 1939, 1940, and 1941. 

It is seen that the amounts of copper removed through the years on the 
whole are extremely small. In the case of the absorption coefficients there is 
no systematical variation with time. The absorption coefficients are fairly 
constant, but, as might be expected, they decrease greatly with increasing 
addition of copper. 


II. Surface and Effect of the Copper Minerals 


(a) Surface of the Minerals. The possibility of calculating the size of the 
»copper surface» is conditioned by the possibility of providing a value 
— absolute or relative — of the size of the surface of the copper minerals 
used. All the following considerations are based on approximative determina- 
tions of the sizes of the relative surfaces. 

The surfaces in cm? listed in Table 5 are calculated on the basis of the 
analyses of fineness with reference to the results of the mineralogical analysis 
and the specific gravity of the various copper minerals. At the calculations 
the mean value of the limits of classes is used as an average measure of the 
grain sizes of the various fractions. Furthermore the relative surfaces are 
calculated on the assumption that the particles (the fragments) of all the 


Table 5. Pot Experiments 1939. Barley. 


Ca. eu absor- Percentage of g of dry 
4 “ae Cu in the |Surface| Surface X 9/oCu | matter per 
Fertilizers added | bed per | Guo ee dt 
8 pony (Low) —- straw 
Basal dressing... 0 206 == — — 13.7 
Copper pyrites II} 0.57 215 18.0 15.6 2.8 20.2 
Mhe same... 2.85 245 18.0 77.6 14.0 26.1 
Copper pyrites I| 0.56 343 20.5 668 137 40.6 
Dhesamer 2.79 536 20.5 3,333 683 102.8 
Bornite IIS... 0.52 230 58.9 6.7 4.0 16.4 
he same’... 2.59 264 58.9 34.3 20.2 23.7 
Bornite 17... 0.52 488 61.6 136 83.8 73.9 
Hhésate 2.58 734 61.6 693 427 117.6 
Malachite II ...| 0.50 442 51.4 8.6 4.4 32.0 
Mhe same. ss... 2.50 577 51.4 43.2 22.2 60.5 
Malachite 1 ...... 0.47 685 49.5 514 254 122.1 
The same”... 2.34 840 49.5 2,577 1,276 129.2 
Copper sulphate | 0.032 498 25.5 — = 54.3 
Theisamer...... 0.128 372 25.5 — — 77.2 


The same... 1.020 440 25.5 — — 123.6 
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Table 6. Pot Experiments 1940 and 1941. Barley. 


Cu absorbed 8 ied Seat Cu absorbed 8 HR 
Fertilizers Pernpotey grain + straw Ber pee grain + straw 
1940 1941 

Basal dressing ......... 146 | 7.5 20 123 
Copper pyrites II... = — = == 
The same .............- = >= — == 
Copper pyrites I... 593 68.6 374 48.0 
Thersamer 2... 22.0: 1,159 103.6 618 87.3 
Bornite IL... 139 7.8 80 7.2 
Mhesame rt nee 328 27.9 213 211 
Bornite Rem 630 88 1 584 77.8 
hessame 777. 874 92.2 813 80.3 
Malachite IT ............ — — == = 
Hhe-sament 7. 378 56.0 425 58.6 
Malachite 1e" 804 96.9 683 77.5 
Mheisamer erstere 1,141 102.8 802 77.5 
Copper sulphate ...... 438 45.2 320 36.1 
Thezsamer.. u... 701 92.1 577 83.6 
He SAME’ er 1,041 104.5 726 yi 


three minerals, copper pyrites, bornite, and malachite, were cubes. In this 
connexion it should be noted (see Table 7) that copper pyrites and bornite 
have no distinct cleavage, whereas malachite cleaves in layers in definite 
planes so that the surface per unit of volume after pulverization may really be 
somewhat larger in the case of this mineral than in the case of copper pyrites 
and bornite. Under the microscope it was not possible to observe any marked 
difference in torm between the fragments of the three minerals. Assuming 
that the fragments on an average have fairly the same form, the ratio between 
the sizes of surface of the various minerals thus must be independent of the 
question whether the fragments are calculated as cubes, pyramids, tetrahedra, 
or any other form. At any rate this applies to copper pyrites and bornite. 

If it is tried on this basis to calculate the »copper surface», i.e. the amount 
of copper atoms situated on the fractured surfaces of the mineral particles, 
it will be possible with the methods used at the analysis of fineness to obtain 
an approximative value for the relative surface. If we multiply this relative 
surface with the percentage content of copper in the mineral, we shall obtain 
an approximate measure of the relative copper surface. Thus it is assumed 
that the amount of copper atoms on the very surface of the mineral particles 
is proportional to the percentage copper content of the mineral. It is doubtful 
whether this is quite correct, but this way of calculation must serve as a first 
approximation. 

(b) Surfaces and Effect. In investigations of the surfaces of the minerals 
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Gamma Cu absorbed. 


800 


600 


400 


200 


Copper Pyrites IA Malachite IQ 
do ITV do I® 


Basal aressing ® 


Fig. 1. The relationship 
between added and ab- 
sorbed copper. 1939. 
Table 5. 

05 170 7,5 20 2,0 


, 
g Cu added. 


and their effect it will be necessary introductorily to clarify the following 
conditions. In the case of each copper mineral it will be found that the ratio 
between the amount of copper added and the amount absorbed, both amounts 
being stated in units of gravity, must be rendered graphically by curves for 
different copper minerals as shown in Fig. 1 (1939 experiments, see Table 5). 

The ratio between the amount of copper added, as expressed in units of 
gravity, and the relative copper surface can be rendered graphically by 
straight lines (see Fig. 2; different copper minerals, 1939, Table 5). 

This means that the ratio between the relative copper surface and the 
amount of copper absorbed, as measured in units of gravity, is rendered by 
curves as shown in Fig. 3 (different copper minerals, 1939, Table 5). 

The consequence of the relationships expressed in Figs. 1, 2, and 3 is that 
if the production of dry matter as a function of the amount of copper added 
for each copper mineral is given e.g. by a curve of the form shown in Fig. 4, 
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Added relative copper surface, cm. 


1400 Copper Pyrites I 
do 24 

Malachite zZ 
Z 


do 


1000 


600 


Fig. 2. The relationship 
between added copper 
and the increased rela- 
tive copper surface. 
1939. Table 5. 


200 


0,50 70 15 ZO 210 
g Cu added. 


the course of this curve will not be fundamentally changed if on the abscissa 
we plot the amount of copper absorbed instead of the amount added (see 
Fig. 5), i.e. that an S-shaped curve or any other yield curve is retained. 

Here it is assumed that the units on the ordinates are the same in Fig. 4 
and Fig. 5 (and the ordinate in Fig. 6). 

_As the ratio between the relative copper surface and the amount of copper 
absorbed can be expressed by a curve of the form seen in Fig. 3, the curve 
in Fig. 5, if the relative copper surface of the fertilizer in question is plotted 
along the abscissa instead of the amount of copper absorbed, will still retain 
its S-shaped course or any other course characteristic of yield curves (see 
Fig. 6); but the sigmoid course may be more difficult to observe (compare 
Figs. 5, 6 with Figs. 7, 8, 12 and 13). 

In the experimental year 1939 it can be assumed approximatively that the 
relative copper surfaces were retained fairly well in the part of the growing 
season in which the absorption of copper.mainly takes place, i.e. in May and 
June (3). If, therefore, the production of dry matter as a function of the relative 
copper surface for all copper minerals cannot be rendered by a single curve, 
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Gamma Cu absorbed. 
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600 


Copper Pyrites 


2009 ch 
Malachite 


Fig. 3. The relationship do 

between the added re- Basal dressing 
lative copper surface 
and the absorbed cop- 
per. 1939. Table 5 


200 600 1000 1400 


Added relative copper surface, em?. 


this means that the crystal lattice structures of the various minerals are of im- 
portance for the rate of weathering and the absorption of copper, and thus 
for the production of dry matter. Indeed, this seems to be the case, as appears 
from Fig. 7, which renders the relationship between the relative copper surface 
and the production of dry matter with the minerals copper pyrites, bornite, 
and malachite. As might be expected, the same distinction between the curves 
is found if the amount of copper absorbed and the production of dry matter 
(see Fig. 8) is plotted in a coordinate system. 

It is moreover seen that e.g. the curves for malachite II and copper pyrites I 
change places in Figs. 7 and 8. This is due to the special connexion found 
(see Fig. 3) between the size of the relative copper surface and the amount 
of copper absorbed for the two minerals, as expressed in units of gravity. 

A calculation of the relative copper surfaces in the following two years, 
1940 and 1941, was not possible because of the probability that the copper 
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Dry matter. 


Fig. 4. The relationship between added copper and 
the production of dry maiter. Schematic. 


Cu added 


dry matter. 


Fig. 5. The relationship between the absorbed copper 
and the production of dry matter. Schematic. 
Cu absorbecd. 


Dry matter. 


Fig. 6. The relationship between the added relative 
copper surface and the production of dry matter. 
Schematic. 

Added relative copper surface. 
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minerals in question weathered rather quickly. Figs. 9, 10 and 11 are repro- 
ductions of photographs of mineral particles isolated from the soil in the pots 
after they had been placed in the soil for varying periods. For comparison 
there are some photographs of average samples of the original mineral par- 
ticles. It is seen that the largest of the mineral particles added in 1939 could 
not be found after three years. 


The mineral particles were isolated from the soil in the pots by a washing. This 
was done comparatively easily as the specific gravity of the minerals in question 
is on the whole about twice as high as the specific gravity of the other mineral 
particles occurring in the soil (see table 7). Their colour, too, is deviating. 


These observations make it probable that under the soil conditions in 
question the copper minerals are comparatively quickly transformed into 
another copper compound or compounds whose nature and percentage con- 
tent of copper, however, is unknown. This new-formed copper mineral is 
hardly malachite, as seems to appear from an investigation made through 
9 years with a copper foil placed in alternately moist and dried-up soil rich 
in humus and highly deficient in copper. On this copper foil there was never 
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Fig. 8. The relationship 
between the absorbed 
copper and the produc- 
tion of dry matter. 1939, 
Table 5. 


Spring 1939. Autumn 1939. 
Fig. 9. Grain size of copper pyrites II. 
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Spring 1939. Autumn 1939. Autumn 1942. 
Fig. 10. Grain size of bornite II. 


Spring 1939. Autumn 1942. 
Fig. 11. Grain size of malachite II. 


the least trace of verdigris when at intervals of several years it was taken 
out of the soil for inspection. 

As the rate of weathering of the various copper minerals is probably dif- 
ferent (see Fig. 7), the copper surface of the new copper compound or 
compounds developed in the soil in question, presumably the same or the 
same mixture in the case of all copper minerals used, will only in time be 
proportional to the amount of copper added in the various copper minerals 
(see Fig. 2). As the time after the admixture of the copper minerals is extended, 
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Table 7. Qualities of Various Minerals. (According to O. B. Boggild’s textbook of crystallo- 
graphy and mineralogy. 3rd ed. Copenhagen 1938). 


Specific gravity Other properties 
CisS 3 copper,glancem 0.5.00.00.0 00 0400000 oo 5.5 No distinct cleavage 
GusFeS3:2borntter. rer ee ee eye 5 The same 
CGuFeSs; Copper pyritese. re ae CRC. 4 The same 
GuC®3. Cu(OH)>7malachitem ee re 4 Filamentous structure 
COS CUBE eee 6 No distinct cleavage 
SLOPE, EEE oon sme) ature on AGUS CC 2.65 — 
KAISIO:Spolashrfeldsparga sagen 2.6 — 
Mica; muscovite and biotite ................... ab. 3 — 


Plagioclase, isomorphous mixture of soda feld- 
spar, NaAÏSisO8, and anorthite or lime feldspar, 


CaAbSEOs EE PR nee here detre 2.6—2.7 — 
HaAlsS1509; kaolinen. ... Mis: mere nee 2.6 — 
Clayeminerals 27 0e sooo coe doohoumoctiodcds bec ab. 2.3 — 


the different rates of weathering will be equalized so that at complete 
weathering we have approximately the same copper mineral the amount and 
surface of which is proportional to the amount of copper added in the various 
minerals (Fig. 2). It is difficult to decide in how far this approximation is in 
agreement with actual fact. Thus we may not disregard the possibility that 
the different rates of weathering of the various minerals may influence the 
chemical composition and (or) the specific surface of the new-formed 
mineral. Further, the different rates of weathering may disorder the crystal 
lattice of the new-formed mineral or minerals in a different way so the aging 
by recrystallization and the availability may be different though decreasing 
with increasing time after the addition to the soil. 

In this special case, in which the weathering of the minerals added and 
the new-formation of the mineral in question seem to take place compara- 
lively quickly (see Figs. 9, 10 and 11), the approximation is obviously fairly 
good so that the connexion between the production of dry matter and the 
amount of copper absorbed can fairly soon be rendered by one curve for all 
minerals. Indeed, it appears from Figs. 8, 12, and 13 how the curves are 
gradually merged into one. This applies to all minerals, including copper 
sulphate. Further, the curves for the finely ground copper minerals, which 
show the relationship between added and absorbed copper, have a tendency 
to merge into one in 1941. 

In other words, in 1939 the absorption of copper and especially the pro- 
duction of dry matter depended on the different lattice structures of the 
various copper minerals, but already in 1940 and to a still higher degree in 
1941 the various copper minerals seem to have been transformed at any rate 
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partly into another sparely soluble compound, which is rather dominating 
in the dry matter production as shown by the relationship between the 
production of dry matter and the absorption of copper. In the case of 
fertilizers of this kind, in which a violent accumulation of products of 
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weathering takes place (Table 4 shows that the consumption of copper 
is small; there is no leaching either), we cannot from the chemical and 
physical properties of the fertilizer pre-estimate its effect, neither the first 
year (strictly speaking) nor the following years. It is the new-developed 
mineral or minerals which is determinative and gradually decisive of the effect 
under the special conditions of the experiment. This type of fertilizing effect 
may be termed the »copper type». 

Quite another type presumably occurs when the products of weathering 
are not accumulated, partly because the plants absorb the greater part of the 
released plant nutrient, partly because there may be a simultaneous leaching 
of the surplus weathering products. To this type probably belong various 
potassium minerals such as mica and certain feldspars. There the curves 
indicating the connexion between the production of dry matter and the 
potassium surface will hardly ever be merged if considerable amounts of the 
minerals in question are found in the soil. The lattice structures of the various 
potassium minerals must still be mainly decisive of the absorption. This 
type of a fertilizing effect may be termed the »potassium type». Nitrogen in 
sparely soluble compounds may be considered as belonging to this type. 

Investigations of these problems, the consequences of which are many- 
sided, will be continued with improved methods (see e.g. (4)) for the measure- 
ment of the surface-areas in question. 

The mineralogical analyses were made at the laboratory of »Kryolitselskabet Gre- 
sund» where I had the opportunity to acquaint myself with the method. My cordial 
thanks are due to the head of the laboratory Mr. Richard Bogvad, M. Sc., not only 
for the mineralogical analyses made, but also for discussions partly about purely 
mineralogical questions, partly about questions concerning the determination of the 


fineness of such minerals. The assistance and guidance I have received in this way 
have been most valuable. 


Summary 


On the basis of three years’ pot experiments with various copper minerals 
the connexion between the relative copper surfaces of the copper minerals 
in question and the production of dry matter is discussed. 

On this basis it is made probable that it is possible to set up two main 
types of action of sparely soluble fertilizers added or developed in the soil. 
The two types are termed the »copper type» and the »potassium type». In 
the case of the former the absorption of the plant nutrient in question and the 
production of dry matter fairly soon comes to depend on the physical and 
chemical properties of the sparely soluble compound or compounds developed 
in the soil. Gradually the new-formed chemical compound dominates in the 
absorption of copper and the production of dry matter, because it is accu- 
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mulated in relatively large quantities, amongst other things because of the 
comparatively small absorption by the plants and because it is not leached. 

Conditions are different in the case of the potassium type, where the pro- 
ducts of weathering are fairly soon removed because of the great absorption 
by the plants and a possible leaching so that from year to year it is con- 
stantly the chemical and physical properties (the crystal lattice structure) 
of the sparely soluble fertilizers which in the main are decisive of the absorp- 
tion of nutrients and the production of dry matter. 
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Introduction 


While the classical method of studying enzymes has been to purify 
extracted protein, it has become increasingly apparent that this approach 
should be supplemented by methods to show the spatial relationships between 
enzymes as they exist within the cell. This problem of intracellular localiza- 
tion of enzymes can be studied by »in situ» methods involving cytochemical 
tests, or by the newer technique of differential centrifugation of tissue homo- 
genates, in which the various cellular components are separated by centri- 
fugation into particulate and supernatant fractions because of differences 
in size and density. 

Following the initial fractionations made by Bensley and his workers 
(1934), numerous investigators have used this technique with animal tissues, 
especially liver. They have been able to isolate from distilled water, KCl, 
or sucrose homogenates and to describe enzymatically, chemically, and cyto- 
logically four main fractions: nuclei, mitochondria, microsomes, and a super- 
natant fraction containing only soluble cytoplasmic constituents. The frac- 
tion containing mitochondria is the most clearly defined enzymatically, and 
has been reported to be associated with the cytochrome system, the major 
enzymes responsible for the oxidation of fatty acids, organic acids (Krebs 
cycle), and amino acids. The major glycolytic enzymes have generally been 
found in the final supernatant with this technique, and therefore are con- 
sidered to be soluble cytoplasmic constituents. 


! Present address: Department of Biochemistry, University of Chicago. 
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The above investigations have been amply reviewed in several recent 
articles. Bradfield (1950) has discussed the recent advances in the general 
problem of intracellular localization of enzymes. The literature based on 
cytochemical tests may be found in Glick (1949), while Schneider and Hoge- 
boom (1951) discuss the investigations on mammalian tissue using the tech- 
nique of differential centrifugation. Special aspects have been handled by 
Dounce (1950) who summarizes the literature on nuclear enzymes, and by 
Brachet (1950) and Claude (1950) who review the problem of enzymes 
associated with mitochondria. 

While the technique of differential centrifugation has been widely used 
in the past twenty years for animal tissues, very little critical work has been 
done with plant material, although numerous enzymes have now been identi- 
fied in tissues of higher plants (recently reviewed by Goddard and Meeuse, 
1950, and Bonner, 1950). 

Enzymatic localization in plants is of interest not only because of mito- 
chondria, important respiratory centers in animal tissues, but because of the 
possible relationship between mitochondria and plastids, the photosynthetic 
centers. Newcomer (1940, 1951) gives a thorough review of the cytological 
literature on plant mitochondria with some references to the supposed func- 
tion of these particles. 

The present investigation was undertaken to compare the results obtained 
by this method in animal tissues with those in higher plants, and to check 
the scattered references to intracellular localization found in the plant litera- 
ture. The various fractions used were obtained from dark-grown three-day- 
old pea seedlings. Five enzymes were chosen to study, all of which have been 
mentioned in the literature as being associated with mitochondria, plastids, 
or undescribed particulate matter. In a water extract, two of them, cyto- 
chrome oxidase and succinic dehydrogenase, remained firmly attached to 
particles (possibly mitochondria or their derivatives) even after several 
washings, while ascorbic oxidase, amylase, and phosphorylase were found 
predominantly in the final supernatant. Under the conditions of extraction 
used, nuclei and »plastids» were either removed in an earlier centrifugation 
at low speed or were broken up, possibly releasing any enzymes they con- 
tained. Peas were chosen because Meeuse (1952), working in this laboratory, 
had shown that a particulate fraction sedimented at high speed from a pea 
homogenate was a good source of cytochrome and succinic oxidases. 


Experimental 


General methods. — Peas (Pisum sativum var. gradus) were sterilized in 7 °/o 
calcium hypochlorite for 1/2 hour, soaked in aerated distilled water for about 20 
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hours at 25° C., and were then placed on moist filter paper in glass-covered trays 
at the same temperature for 2 more days in a dark room. The root-shoot axis is 
about 4.1 cm. long at the end of this 3 day germinating period. 

Unless otherwise noted, the following procedure was used. Various modifications 
will ‘be discussed later. After removing the seed coats and washing thoroughly in 
distilled water, 100 g. wet weight of seedlings (root-shoot plus cotyledons) were 
ground in about 250 ml. of a mixture of 50 °/o ice and 50 °/o distilled water for 
1 minute in a Waring blendor run on a variac at 60 volts. This homogenate (H) was 
then strained through two layers of cheese cloth and made up to a total volume 
of 286 ml. in order to make a 35 °/o homogenate (E). 

Fractionation of this aqueous homogenate (E) by differential centrifugation is 
shown in fig. 1. All centrifugations were carried out at 4° C., and were timed after 
the desired speed was obtained. The starch was first removed at low speed centri- 
fugation for 10 minutes at 500 X g, yielding fraction P, and the supernatant M. 
Fraction M was then recentrifuged either once at 18,000 X g for 1 hour (the preci- 
pitate was called P,_,), or a 5 minute centrifugation at this speed brought down 
a P, fraction which was followed by a further centrifugation of the supernatant 
S, for a full hour, resulting in the precipitate P, and the supernatant S,. Most of 
the enzyme tests were run on the above fractions. Precipitate fractions were washed 
by making up the residue to 1/2 its original volume with distilled water (therefore, 
2 X) and recentrifuging at the same speed. 

The first high speed precipitate, P,, was further purified by suspending in 1/2 the 
original volume of M and then centrifuging at a lower speed (4,000 X g) for 10 
minutes, discarding this residue. A new purified P,, fraction was obtained by recentri- 
fuging this supernatant for 10 minutes at 12,000 X g and discarding this super- 
natant. The S, supernatant could also be slightly purified by removal of a preci- 
pitate, P,, by centrifugation for 30 minutes at 60,000 X g. 

Except for ascorbic oxidase, which was found predominantly in the root-shoot 


35 0/0 Homogenate (H) — Three-day-old seedlings ground in Waring blendor 1 minute 
Strained through double layer of cheese cloth 


E 


centrifuged 10 min. at 500 X g 
TE | 


P, M 
centrifuged 5 min. at 16,500 X g 
MISE 
I" ee S 
recentrifuged beet ‘ N 
P,_a 4.000-12,000 05 centrifuged 60 min. at 18,000 X g 
je 
P, S, 
centrifuged 30 min. at 60,000 X g 
ja 
Ps Ss 


Fig. 1. Fractionation procedure. 
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axis, most of the enzymatic activity being measured was due to the cotyledons alone, 
because the cotyledons make up 90 °/o of the wet weight of the seedlings in the 
homogenate. Data comparing the enzymatic activities of the root-shoot axis with 
the cotyledons are reported elsewhere (Stafford, 1952). 

The pH of all fractions was about 6.8 and did not change significantly after 24 
hours in the cold, or after a 24 hour dialysis against 1 °/o KCI. 

The extraction procedure was not an aseptic one. Bacterial counts were made by 
the plate dilution method and ranged from 10° to 10% per ml. for the crude jee 
fraction, about 10? to 105 for P,», and 10? to 10% for S,. There was no correlation 
between high counts and high enzyme activity, and no increase in activity during 
a Warburg test was ever observed. Bacteria were only occasionally observed cyto- 
logically, and smears of some of the plated colonies showed only easily distinguished 
bacillus forms. 

The enzymatic and analytical methods will be described under the separate 
headings. 


Distribution of cytochrome oxidase. — This enzyme mediates the transfer 
of electrons between molecular oxygen and cytochrome c. The spectrum of 
cytochrome c was first observed in living tissue of higher plants by Keilin 
(1925), and cytochrome oxidase was demonstrated in flowering plants by 
Hill and Bhagvat (1939). The activity of this enzyme can be measured mano- 
metrically in terms of oxygen consumed or spectrophotometrically by fol- 
lowing the decrease in optical density as the cytochrome c is oxidised. 


Test method. — The activity was measured manometrically at 25° C. using dupli- 
cate Warburg vessels. Each vessel contained the following in a total volume of 2.2 ml.: 
Inset: 0.2 ml. of 10 °/o KOH 
Side arm: 3 mg. of hydroquinone (H,Q) 
Main compartment: 
0.04 M phosphate buffer (pH 7.1) 
.8 to 4 X 10° M cytochrome c 
1.0 ml. of fraction tested 


The activity was based on the amount of oxygen consumed during 30 minutes and 
is expressed in terms of pl. O, per hour per ml., per mg. dry weight, or per mg. 
protein of the fraction tested. 


Results. — Cytochrome oxidase activity was measured in all fractions, and 
the reaction was approximately linear with time for 30 minutes (fig. 2). When 
the amount of fraction M added was varied from 0.2 ml. up to 1.5 ml., the 
activity was linear up to about 1.2 ml. (fig. 4). As this concentration curve 
ran through zero activity when extrapolated to zero ml. of enzyme prepara- 
tion, no autoxidation value has been subtracted. As boiling eliminated prac- 
tically all the O, uptake in the various fractions tested, except for occasional 
high values in S,, non-enzymatic reactions are not interfering (table 1). Cyto- 
chrome c concentration curves for M and P,, (2X) are shown in fig. 3. 


700 HELEN A. STAFFORD 


Table 1. Representative data showing endogenous respiration, and effect of hydroquinone 
or cytochrome c, boiling, and washing on cytochrome oxidase activity measured mano- 
metrically at pH 7.1 at 25° C. 


M p? eh S, 
ee ee ee ee eee ee ee well un Sun 
pl. O,1 
Complete 
Winhotledias Mar ee 226 152 30 35 
Boillede 2 RE ee recente 11 0 6 27 
No cytochrome? CN eee 40 9 0 zi 
No hydroquinone ..............:-...... 23 = = == 
Endogenous 
Unhollede ess rs te os 22 5.9 0 0 4 
Unboilede er. een 28 Dal 0 5.7 
BON ner serbe et 0 0 0 0 
Complete 
Unwashed fc (eke ARR 198 172 — — 
Washed: eis tack rues Pere — 174 = = 
| No cytochrome ce 
Uuwashed messen sens 45 11 — — 
NAS HET ites nennen ne Sense — 0 — — 


1 X hr.—1 X ml.—1. 


Each curve levels off between 2 to 4X10—° M cytochrome c, but complete 
saturation is attained only with higher values. Most of the tests were run at 
the 3 to 4X10-° M range as the activity was linear with concentration of 
enzyme preparation at this level. With no added cytochrome c (but with 
HQ) there was about 40 yl. O, uptake in fraction M and none in P,,. 

Endogenous respiration was significant in the E and M fractions, but 
because of its variability and the impracticality of doing an endogenous test 
for each experiment, these values have not been subtracted from the oxygen 
uptake in the experimental vessels. Typical endogenous respiration data is 
shown in table 1, and a time curve for activity in fraction M is shown in 
fig. 5. There was very little or no increase over endogenous respiration in 
fraction M with the addition of either cytochrome c or hydroquinone alone. 
The slight activity in fraction P, without cytochrome c but with hydro- 
quinone was completely eliminated upon washing (table 1). 

Cytochrome oxidase activity was found predominantly on particles in the 
first high speed precipitate, P,, and although some activity was lost at each 
stage of centrifugation, these fractions (P, and P,) contain particles of the 
P, type. From 55 to 81 °/o of the activity originally in M was recovered in P,. 
Representative data showing the distribution from three separate extractions 
are shown in table 2. Total recovery of the activity of M in P, and P, ranged 
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Figs. 2—5: Fig. 2. Time curve for cytochrome oxidase activity in the various fractions, 
tested: manometrically in the presence of cytochrome c and hydroquinone at 25° C. 
(pH 7.1); Fig. 3. Cytochrome c concentration curves for cytochrome oxidase activity in 
fractions M and Pip (X) tested as in fig. 3; Fig. 4. Concentration curves for cytochrome 
oxidase, ascorbic oxidase, and succinic oxidase activities in fraction M tested mano- 
metrically at 25° C. in the presence of hydroquinone (+ cytochrome c), ascorbic acid, and 
sodium succinate (+ cytochrome c) respectively; Fig. 5. Time curves for cytochrome oxi- 
dase, succinic oxidase, and ascorbic oxidase tested as in fig. 4, and endogenous respiration 
measured at pH 7.1 and 25° C. 


from 63 to 100 °/o. The variable 1 to 16 °/o of activity found in the final 
supernatant, S,, was largely thermostable, and therefore presumably not 
cytochrome oxidase. On a protein or dry weight basis, the concentration of 
the activity in P, was even more striking, as is shown by the increase in oF 
from a value of 5 for fraction M to 35 for fraction P,. All of the activity of 
an unwashed P, fraction remained in the precipitate even after two washings 
(table 1). 
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Table 2. Distribution of cytochrome oxidase activity in three-day-old seedlings tested mano- 
metrically in the presence of cytochrome c and hydroquinone at 25° C. (pH 7.1). Precipi- 
tates are unwashed and each value is the average of two determinations. In D, a 35 ‘/ 


homogenate was made of the root-shoot axis only, Le 
RE RE Se eee 


E M P, P, P, 

NS 
ISOS US ern 271 ~ 194 127 36 16 
0/0 recovery ...:>......- 128 100 66 19 8 
0: endeten 4.7 9.9 | 31.3 25.2 0.55 
Qo, (see 24.0 27.2 84.1 64.3 2.9 
B = 
LION 302 246 134 26 30 
0/0 recovery .......... 123 100 55 11 12 
DO en 5.2 7.5 32.9 18.2 1.1 
Don Peer 26.8 34.5 88.8 45.6 5.5 
C 
OLE Aie. ake = 177 144 33 2 
9/0 recovery .........-.- ~~ 100 81 19 1 
Qo, BEE OES nia scene = 5.3 35.4 23.1 0.1 
BOB a ee a 24.9 95.6 60.0 0.4 
D — Root-shoot axis 

only 
DITO ER ere — 138 46 19 0 
9/0 recovery ............ — 100 33 13 0 
Oak aside cs te _ 9.2 33 13 0 
A oe en en 77 208 65 0 
1 X hr.—1 X ml.—1. 

29, — HO, per hr. 5 Q, — Hh Os per hr. 

O2 mg. dry weight 02 mg. protein 


Table 3. Cytochrome oxidase activity in fraction Po. 


E Po Po Po 
unwashed washed washings 
eh | 
RDS ER AT. 193 35 28 26 
(PRES ER 3.1 1.5 1.2 5.1 
RE CR CR DE ne ae ne EN nn... 
Po Po Po 
unwashed bottom layer top layer 
B at, 
MOSER en 91 11 47 
0/0 recovery ............ 100 12 51 


1 X hr! X ml—1. 
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The Py precipitate consisted of two layers, a lower white one consisting 
of large starch grains and an upper yellow one of numerous smaller particles 
which will be discussed later. About 50 °/o of the activity in an unwashed 
Py residue was lost upon washing. Further, the major part of the activity 
remaining in a washed P, residue could be attributed to the top yellow layer 
and not the predominantly starch layer (table 3). 

It was found that a P, fraction made up to !/, the original volume of M 
could be purified by discarding the residue obtained by recentrifugation at 
a lower speed. After centrifugation at 4,000 X g approximately all of the 
activity remained in the supernatant while the Qo, doubled (table 4). Some 
of the activity was lost in the residue at 7,000 X g, but the Qo, was increased 
further. At 11,000 X g, on the other hand, the major portion of the activity 
was precipitated. The purest preparation could therefore be obtained by 
centrifugation of a P, fraction at 5,000 to 7,000 X g and, discarding the sedi- 
ment, followed by centrifugation at 11,500 X g and discarding the super- 
natant (table 4). Occasionally up to 50 °/o of the total activity was lost by this 
procedure (usually by variation in the amount discarded in the first residue), 
but the Qo, increased. Generally, around 70 °/o of the activity was recovered 
with an average Q,, of 70. The highest value obtained was 80. 

In one experiment (table 2), a 35 Yo homogenate was made of the root- 
shoot axis only (cotyledons removed) in order to compare the distribution 
of cytochrome oxidase in this portion of the seedling with the cotyledons 
under conditions of comparable wet weight. While the highest percentage 
of the activity of fraction M was again found in P,, total recovery of activity 
was poor. Cytochrome oxidase, however, was almost as active in terms of 
a ml. of fraction M and more active on a dry weight or protein basis in the 
root-shoot axis than in the cotyledons (table 2). There was no essential dif- 
ference in the particle types observed. 

Modification of extraction procedure. — The effect of the duration of homo- 
genization in the Waring blendor was determined, using cytochrome oxidase 
activity in fraction M as the standard. While a 1 minute homogenization 
time was routinely used, a !/; minute run was just as effective, and a 2 minute 
one gave equally active preparations. A 5 minute run, however, destroyed 
about 40 °/o of the cytochrome oxidase activity. The ice was melted entirely 
only in this 5 minute run, and the loss of activity may have been due to 
heating. No cytological examination was made of the fractions to determine 
whether this loss was due to a breaking up of the particles (Harman, 1950 b). 
Although the use of a glass homogenizer is preferred by some workers 
(Schneider and Hogeboom, 1951), it is impractical on a large scale with pea 
cotyledons. Small samples, however, were ground in a glass homogenizer 
and no change in size or shape of the particles was observed. 


46 
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Table 4. Purification of fraction Pı by further centrifugation as shown by cytochrome 

oxidase activity measured manometrically in the presence of cytochrome c and hydroqui- 

none. The Qo, values of the control are the average of 5 determinations based on duplicate 
vessels; the others are based on one duplicate run each. 


nn nnn ea EEE EEE SEES 


Activity in supernatant after 10 min. centrifugation 
Control of P, at 
250Xg | 500xg | 600g | 850xg 
AE 
0/0 recovery ............ 100 93 87 
Qo, D RAR PR ER 25 (15—34) 52 54 
| | 1,000 X g | 4,000 X g 7,000 x g | 11,000 x g 
Og TECOVERY een: Keen = 76 28 
Do, rennen rf 63 32 
| Activity in precipitate between: 
Control 
7,000—12,000 X g 4,600—11,500 X g 
Rie 
0/0 recovery ............ 100 56 70 
Qo, Morse se dar Seale 25 58 70 (60—80) 
Qo, ee 77 176 259 


Extraction in 1 %/o KCl and various concentrations of sucrose and sucrose- 
salt mixtures resulted in about a 50 °/o inhibition of cytochrome oxidase 
activity (tables 5 and 6). These experiments are of value, however, in showing 
that a high speed residue (P,) is always associated with cytochrome oxidase 
activity in different media such as H,O, KCl, and sucrose solutions. 


Extraction in 0.1 M phosphate buffer (pH 7.1) prevented the loss of any 
activity in fraction Py, which consisted then only of a white starch layer 
(table 5). Total recovery was good, and the distribution and total activity 
was the same as in water extraction (pH about 6.8). While Qo, values based 
on dry weight were similar, the Qo, (protein) values in this phosphate extrac- 
tion were lower than values usually obtained in a water medium. A preli- 
minary experiment showed that the phosphate concentration for either a 
cytochrome oxidase or succinoxidase test could be varied from 0.04 M to 
0.2 M phosphate buffer without any change in activity. 

KCI extraction caused inhibition of cytochrome oxidase activity, but the 
precipitates were better packed, and the enzymatically active particles preci- 
pitated more completely in the P, fraction. More activity was lost, however, 
in the Py fraction (table 5). Inhibition by KCl and the better recovery in P, 
are apparently related effects and occur only if the KCl has been in contact 
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Table 5. Extraction in 0.1 M phosphate buffer (pH 7.1) and 1 % KCI. In experiments A 
and B, the peas were extracted originally in the stated solutions, while in C, they were 
extracted first in water and an aliquot of fraction M was then made 1 ° with KCl. The 
resulting P; fraction was taken up either in KCl or water as designated in the parentheses. 
Cytochrome oxidase activity measured manometrically was used as the standard. 


‘Su aul peach Fra Oe 


A — PO, extraction 


ul. O,1 
ENAOBEHONSEN ER settee see ose aes — 24 — = — 
COMPILE. a deneesrsecheseuee 172 192 121 30 20 
D DT CON LV ee ae cc — 100 63 16 10 
OO een ee house kauen 3.2 5.2 39.8 22.8 0.6 
Qo, N tes ees trae ets NS = 11.8 59.6 51.8 1,3 
B — KCl extraction 
BORN nee. 98 63 73 0 0 
DDÉTECOVERVO Na eus — 100 100+- 0 0 
Gelege. 1.6 1.9 14.8 0 0 
Qo, (P) 7.9 9.9 77.6 0 0 
P,(H,O P, (KCl P 
[ao | #8) | "69 | "EE 
C — H,O extraction followed by 
addition of KCl 
a) Fractionated and tested 
immediately 
(Olly. (OSes code athe Waccorelaeeeconte secctbosccd: 223 119 128 134 
SON EYE OR RE 100 54 58 60 
b) Fractionated after 6 hours in KCl 
pl. O, 
tested aimed Mo ogee. ee seem 118 — 127 124 
testede 24 hrs. later. == = 95 106 


1 X hr.—1 X ml.—1. 


with the particles over 3 hours. No inhibition or change in enzyme distribu- 
tion occurred if fractionation and testing were done within 2 hours after 
addition of the KCI to fraction M that was originally extracted in water. If 
fraction M was allowed to stand 6 hours in the KCI before centrifugation or 
testing, both inhibition and complete sedimentation of enzymatically active 
particles in P, occurred. The inhibition was irreversible, even after a P, (KCI) 
was taken up in water and allowed to stand for 24 hours. 

When weighed samples of the root-shoot axis were placed in a series of 
sucrose solutions at 4° C., there was no change after 24 hours in the original 
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Table 6. The effect of various sucrose solutions on the distribution and enzymatic activity 
of cytochrome oxidase. 


A — 0.25M sucrose 


HERO Lee res acc: ie nose obese = — 94 41 20 4 
ÜIORTECOVET Yo nets onic eme ce cessera ee Ce — — | 100 44 21 4 
Qo, renier teen este seen eee rase poses Ne — 2.9 5.9 8.3 0.1 
2 
B — 1.5M sucrose 
OO RSR ho RE ren enone 123 — 112 41 31 66 
OF OMRE COVERY ais ee hasta pese — — | 100 37 28 59 
el. O,1 | 0/o inhibition 
C — P, obtained from water extract taken | 
up in sucrose 
HOT teren Tres tenue Papas ee 159 0 
Ola MeSUCTOSC en essen er aces he ener Oras 146 8 
0.63 ML SUCTOSCH ee re eee aie 109 31 
O:88MESUuCrOoSe N... 20 are eee re 107 32 
ul. O,1 | 0/0 inhibition 
D — 0.65M solution containing sucrose, phos- 
phate, glycine, MgSO,, and CaCl, 
Fraction M 
HOME serres ea le eds ne eee e ere 262 0 
MIXTUTE er ne ers eee ta hens eee eee ee 128 49 


ehr! Gil 


wet weight of the sample in the 0.65 M solution; therefore, this is assumed 
to be an approximate »isotonic solution». Hypertonic sucrose solutions did 
not produce rod-shaped enzymatically active particles (mitochondria?) as 
has been observed in liver tissue, When a P, fraction was obtained first from 
a water extract and then the residue taken up in 0.25 M sucrose, there was 
practically no inhibition of cytochrome oxidase activity {table 6). With 0.65 
and 0.88 M sucrose, however, there was a 30 °/o inhibition. On the other 
hand, with complete extraction in 0.25 M sucrose, an inhibition was found 
(table 6). Total recovery of M was poor in this experiment. Total recovery 
of M in the 1.5 M sucrose extraction was over 100 °/o, but the activity 
remained largely in the supernatant. This should not be interpreted as a 
different distribution due to the sucrose as such, but due to the increased 
density of the solution which prevented sedimentation of the particles. Cyto- 
logical observations showed that the particles remained in the final super- 
natant. A salt-sucrose mixture (0.65 M) gave a similar 50 °/o inhibition. 
Distribution of succinic dehydrogenase. -- This enzyme mediates the trans- 
fer of electrons from the substrate succinate to cytochrome c, the succinate 
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being oxidized to fumarate. Succinic dehydrogenase activity may be measured 
manometrically as a member of the succinoxidase system by determining the 
oxygen uptake via cytochrome oxidase, or the latter enzyme is eliminated 
by anaerobiosis or KCN and the electron transfer from succinate is followed 
by observing the change in color of methylene blue or by the change in 
optical density as cytochrome c is reduced. The methylene blue technique 
is not satisfactory with plant material. While succinic oxidase is easily 
demonstrated in animal tissue, it is apparently less stable in higher plants 
and has frequently been reported as being absent. 


Test method. — Succinoxidase activity was measured manometrically under the 
same conditions as cytochrome oxidase except that 0.025 M sodium succinate was 
substituted for H,Q and 1.0 to 1.4 ml. of the fraction to be tested was used. Activity 
was originally determined by the amount of O, used in 60 minutes, but it was found 
best to increase the amount of enzyme and use 30 minute tests to avoid a decrease 
in rate of O, consumption with time. 

Succinic dehydrogenase activity was measured by following spectrophotometrically 
in a Beckman spectrophotometer the change in optical density (O.D) as cytochrome 
c is reduced. Each cell contained in a total volume of 3 ml.: 


2.5 ml. of a 4X10—5 M cytochrome c 
0.1 ml. 3X1073 M KCN in pH 7.1 buffer 
0.2 ml. of a Y/ıo dilution of the enzyme preparation 


Control cells contained 0.2 ml. of buffer instead of sodium succinate. Readings were 
made at 550 my. every 30 seconds for 10 minutes. The slope of the line log I,/I was 
used as a measure of the activity, and was determined at three different points along 
this straight line. The instrument was set at zero with the buffer. Controls changed 
only slightly or not at all, and these values have not been subtracted. 


Results. — In the manometric measurements, the reaction was linear with 
amount of fraction M to about 1.6 ml. (fig. 4), and was linear with time under 
standard conditions for 60 minutes (shown in fig. 5 for M) in all fractions 
except P,. In this latter preparation activity generally declined after 30 minutes. 


The distribution of succinoxidase activity was almost identical with that 
for cytochrome oxidase, including the most purified fraction, P;,, in which 
comparable increases in Q,, values were found (table 7). Total recovery was 
quite variable in the manometric tests, as is shown in the two separate water 
extractions. The variation in activity in fraction M could be eliminated by 
extraction in the presence of sodium succinate, but the maximum values in 
P, were still not increased even when based on 30 minute determinations. 
The addition of calcium or aluminum ions did not increase succinoxidase 
activity in peas or prevent the decrease in rate with time. 


Schneider and Hogeboom (1950) reported a recovery of only 80 9/0 of their 
original homogenate activity in their precipitate fractions, and found that an 
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Table 7. Distribution of succinoxidase activity in three-day-old seedlings as determined 

manometrically in the presence of cytochrome c and sodium succinate at 25° C. (pH 7.1). 

In A, B, and D, the peas were extracted in water, while in C they were extracted in 
0.025 M sodium succinate. 


E M P, P, S, 
ae ee PR ee eee 
A — 
WO, SE 46.1 42.2 25.8 222 7.2 
0/o recovery ............ 108 100 61 17 17 
eee eee 0.8 13 6.4 5.1 0.3 
D 41 5.9 17.1 12.7 1.3 
2 # 
RB’ 
BHO FT = 87 22 10 4.8 
0/0 recovery ..........-. == 100 37 12 6 
Q = 2.6 5.4 7.0 0.2 
En ee TE — 12.2 14.6 18.0 0.9 
C — 
RECO, NE eae: 97 gators 29 5 14 
0/0 recovery............ 106 100 31 5 15 
Qo, Rete a ea sabe sia dre 1.5 3.0 7.6 8.3 1.8 
Activity in precipitate between 
Gang) 4600—11,500 X g 
D — P, purification 
0/0 recovery ...........- 100 84 
DR ue 9 26 
Qo, Eye 28 95 


1 X hr.—1 X ml.—1. 


unknown factor in the supernatant was necessary. Although the results with 
peas are variable, it was possible to obtain a good recovery manometrically 
if the initial activity of M was about 40 ul. O, per hour or below. Whenever 
the high values of 80 to 90 ul. O, for M were obtained, the P, fraction did 
not seem to be able to support an activity greated than 20 to 30 ul. O, per 
hour, even when sodium succinate was present during extraction. This suggests 
that a factor is limiting in this fraction which is present in fraction M. 

Spectrophotometrically, the activity was linear up to the concentration of 
enzyme used (based on three values only), and the optical density readings 
were linear with time throughout the 10 minute test period (fig. 6). The 
control curve only for M is shown, but the precipitate fractions showed no 
reduction of cytochrome c in the absence of succinate. 

This spectrophotometric method is more sensitive and less variable than 
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enzyme (precipitate fractions were tested at 2 
times these values). 000 
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the manometric method as judged by the two experiments made (table 8). 
Most of the succinic dehydrogenase activity of M was found in P, (70 to 
80 °/o), and the increase in activity per mg. dry weight or protein showed 
the same type of purification in P, (6-fold increase over M) and in P, 
(2-fold increase over P,). 

While it was not possible to detect any cytochrome bands when a con- 
centrated enzyme preparation of P,, was observed under a microspectroscope 
after the system had been reduced, the following experiment gave indirect 
evidence of the presence of cytochrome a; and a bands. 

In order to obtain this evidence of a; and a bands, succinoxidase activity 
was measured spectrophotometrically by Dr. Britton Chance of the Johnson 
Foundation, University of Pennsylvania. In this method (Chance, 1952), the 
difference in optical density of reduced and oxidized cytochrome a, and a 
bands is electrically recorded at various wave lengths on a spectrophotometer 
of his design. The reduction of the cytochrome a; and a bands occurs as the 
oxygen is utilized by the oxidation of succinate. After reduction is complete, 
the system is reoxidized by stirring with air, and the subsequent increase in 
optical density upon reduction is recorded. This process can be repeated with 
the same enzyme mixture at various wave lengths. 

The activity of a P,, preparation was measured in the presence of 0.04 M 
phosphate buffer and 1/50 M sodium succinate. It was necessary to use a 
concentrated solution (8 times the original homogenate =8X) in order to 
obtain a measurable optical: density change without the addition of cyto- 
chrome c which would have obscured the cytochrome oxidase bands. A typical 
a, absorption peak at 445 my. and a small one for a band at 605 my were 
obtained when the difference in optical density (O.D. increment) of the 
reduced and oxidised forms was plotted against the wave lengths (fig. 7). 
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Table 8. Distribution of succinic dehydrogenase activity in three-day-old seedlings as deter- 

mined spectrophotometrically. Activity is expressed in terms of the slope of the line 

log Io/I per ml. fraction, and was measured in the presence of sodium succinate, cyto- 
chrome c, and KCN. 


| E | M Py Pip P, S, 
Mn | 
slope loge era et = 0.822 0.547 0.333 0.110 0 
0/0 recovery 5... — 100 67 61 20 0 
per mg. dry wt. er = 0.022 0.138 0.247 0.081 0 
per mg. protein... = 0.128 0.501 0.874 0.219 0 
Be 
slope, log, Mile seen 0,714 0.719 0.584 — 0.147 0 
VIOSTECOVEry er er eee — 100 81 = 20 0 
Der mga dry WE Et 0,013 | 0.023 0.156 = 0.091 0 
per mg. protein ............ 0.081 0.103 0.34 = 0.223 0 


The actual rate of O, uptake in the same enzyme mixture was measured 
with a platinum electrode and electrically recorded. It was equal to 0.63 uM 
O, per second calculated for 1 ml. of a P,, preparation (8X) which is equal 
to 51 ul. O, per hour (0.63 X10—* X 22.43600). The same preparation was 
tested manometrically for succinoxidase activity but with added cytochrome 
c, and an uptake of 162 yl. O, per hour was obtained for 1 ml. of the same 
enzyme preparation (P,,.sx,)., Manometric data from another preparation 
showed that there was no measurable O, uptake without added cytochrome c. 
The reason for this difference between methods is not known. 

Chance (1952) compared the relative activities of various tissues by the 
following ratio: 

(optical density increment) 10° 
O, uptake rate (uM per sec.) 


Peas gave a value of 2.8 for the cytochrome a band and 28 for the a, band. 
This can be compared with values from heart preparations (particulates) and 
yeast (whole cells) determined by Dr. Chance. Heart preparations gave values 
of 1.8 to 8.0 for the a band and 12.5 to 41.0 for the a, band, while yeast 
was the most active with a value of 0.9 for the a band and 4.5 for the a, 
band. While pea cytochrome oxidase was apparently just as active in terms 
of optical density changes as some animal preparations, the test was no 
measure of the purity of P,,. The necessity of having to concentrate the par- 
ticles so much in order to obtain a suitable oxygen uptake without added 


cytochrome c shows that the latter component is present in a relatively small 
amount. 


Distribution of ascorbic oxidase. — Ascorbic oxidase mediates the electron 
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transfer between molecular oxygen and reduced ascorbic acid, the latter being 
oxidized to dehydroascorbic acid. This enzyme, peculiar to plants, was first 
described as »hexuronic oxidase» by Szent Györgyii (1931) and has now 
been demonstrated in numerous plants, including peas (Diemair and Zerban, 
1944; Davison, 1949; Meeuse, 1952). It is often present in plants lacking the 
enzyme tyrosinase. 


Test method. — This enzyme was tested manometrically at 25° C. in duplicate 
vessels at pH 6.0. Each vessel contained in a total volume of 2.2 ml: 


Inset: 0.2 ml. 10 °/o KOH 
Side arm: 4 mg. neutralized ascorbic acid 


Main compartment: 


0.04 M phosphate buffer (pH 6.0) 
1.4 to 1.6 ml. enzyme preparation 


Activity was generally based on a 60 minute determination. 


Results. — As ascorbic oxidase activity is predominantly in the root-shoot 
axis and increases with germination (Davison, 1949; Stafford, 1952) measure- 
ments to show the distribution of this enzyme were made on six-day-old 
seedlings as well as on three-day-old. The enzymatic reaction was linear with 
amount of fraction M through 1.4 ml. (fig. 4), and was linear with time in 
all fractions for 60 minutes when tested under the standard conditions 
described above (shown for fraction M in fig. 5). 

Boiling completely eliminated all activity in all fractions (table 9). It was 
not necessary to use glass distilled water for these experiments because no 
significant autoxidation was observed at this temperature in the presence 
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Table 9. Distribution of ascorbic oxidase activity in three- and six-day-old seedlings, 
measured manometricaily at 25° C. (pH 6.0) with ascorbic acid as substrate. 


eer PE ah on: 
A —-three-day-old 
PoC) a ee ne meet eee 91.5 82.5 10 14.5 63.3 
D'OTECOVETY Ses eee 110 100 12 18 77 
QG, eee sense esc ese een eens ee 1.6 2.5 2.5 1.01 2.2 
COD ald CR le 8.1 11.6 11.9 25.4 11.5 
B — three-day-old 
pl O, 1 
DOHCA EE Trees ce 0 0 0 0 3.6 
unbolled. se ce ee re 62 53 6.9 6.9 25 
COLT ECOVERY Metres ces 2 Me cose een 115 100 13 13 48 
a de one 11 1.6 17 4.8 0.9 
DUB) Methven Re or 5.5 7.4 4.6 12.1 4.6 
C — six-day-old P,, 
ROLL ER N 87 81 er 53 
OND TECONETY tase Re ein 107 100 31 67 
Oot ce Sarees er Gamat: 1.8 2.3 4.2 1.6 


1 X hr—1 X ml.—1. 


of the enzyme as the enzyme concentration curve (fig. 4) can be extrapolated 
to zero activity at zero concentration. 

The data from three separaie extractions are summarized in table 9, the 
first two on three-day-old peas, the third on six-day-old pea seedlings. The 
major portion (70 °/o) of the activity of fraction M was recovered in the final 
supernatant, S,. Very little activity was found in the P, fraction, while roughly 
25 to 30 °/s of the activity of fraction M was present in the washed combined 
high speed precipitates. The low Qo, values for S, are of little significance 
because this enzyme is in the final supernatant along with any soluble proteins 
and lipids of the original extract. The 4-fold increase in P, cannot be com- 
pared fairly because of this, and the activity associated with these particles 
is not that of a typical ascorbic oxidase, as will be shown below. This enzyme 
still remained in the supernatant, S;, even after a third high speed precipitate, 
P,, was brought down at 60,000 X g (table 13). 

While these data on localization agree with James (1943) and Meeuse 
(1952), Waygood (1950) claimed that this enzyme is attached to an insoluble 
residue in wheat seedlings. His ascorbic oxidase, however, had some peculiar 
properties. Although there was no increase in oxygen uptake upon the addi- 
tion of p-phenylenediamine and cytochrome c, the enzyme was azide sensi- 
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Table 10. Inhibition of cytochrome oxidase and ascorbic oxidase activities in Pı_2 and 
S2 in six-day-old seedlings at 25° C. (pH 6.0). Values expressed in terms of percentage 


inhibition. 
a ee cE i EEE BEER EEE NS ee 
Cytochrome : 2 
2 Ascorbic oxidase test 
Inhibitor Final conc. OS 

P,_, %0 P,_, %0 | S, 9/0 
SOGMUMMAZIAE 0. cn 10-4M 85 0 | 16 
Diethyldithiocarbamate ...... 10—3M 0 20 80 
HE BIOUTACING essere creer 10—3M — 22 — 
Bhenylthioutea. men nee Saturated solution — 32 — 


tive, was inhibited by CO and reversed by light, and had a pH optimum at 
pH 7.0. Unfortunately, he never .used a copper enzyme inhibitor. 

An attempt was made to determine the origin of the activity in a washed 
high speed precipitate, P,_, (table 10). It was assumed at first that this was 
a small residual activity of cytochrome oxidase since ascorbic acid is a suit- 
able substrate, or that the oxygen uptake was due to the copper enzymes 
laccase or tyrosinase in the presence of traces of phenols. All attempts to 
demonstrate a tyrosinase in peas have been negative. Another possibility 
would be that part of the ascorbic oxidase is bound to the particles. An 
inhibitor experiment was devised to determine which was correct. 

Sodium azide (NaN;) at a final concentration of 10~* M was selected as 
an effective inhibitor for the iron-containing cytochrome oxidase and was 
tested on the cytochrome oxidase activity of the P,_. fraction. About 85 °/o 
of the activity was inhibited (test was run at pH 6.0 which is not optimal for 
the enzyme and is about 1/3 the value at 7.1). Only 16 ®/o of the activity of 
ascorbic oxidase in the S, fraction was inhibited. A copper enzyme inhibitor, 
diethyldithiocarbamate, gave no inhibition when P,_, was tested for cyto- 
chrome oxidase, but it inhibited the ascorbic oxidase activity of S, about 80 %/o. 

When these two inhibitors, however, were added to the mixture for the 
ascorbic oxidase test on P,_,, there was no inhibition with NaN; ruling out 
cytochrome oxidase, and only 20 %/o with diethyldithiocarbamate, which 
would rule out ascorbic oxidase also. This was repeated several times and on 
different extractions. A saturated solution of phenylthiourea inhibited this 
unknown activity only about 32 ®/o. This would mean that this small oxygen 
uptake (but equal to 50 °/o of the ascorbic oxidase activity in S,) is due to 
a non-copper or iron containing enzyme. Another alternative is that this 
ascorbic oxidase! is bound in such a way to the particles as to resist the 
inhibitor which inactivates the enzyme when it is soluble in the supernatant. 
Unlike cytochrome oxidase, this unknown activity was almost evenly distri- 
buted between fractions P, and P». 
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Figs. 8—9: Fig. 8. Time and concentration curves for amylase activity in fraction M 
expressed in terms of maltose produced during a 30 minute incubation with starch as sub- 
strate. Dots represent time curve; triangles the concentration curve. Letters along curves 
refer to approximate color of an aliquot tested with Kis (DB—dark blue, DP=dark 
purple, MP=medium purple, RV=red violet, R=red); Fig. 9. Time and concentration 
curves for phosphorylase activity expressed in terms. of P released during a 30 minute 
incubation in the presence of glucose-1-phosphate as substrate, starch as primer, and NaF. 
Dots represent the time curve, triangles the concentration curve. 


In fig. 5, the three oxidase activities and endogenous respiration of frac- 
tion M measured manometrically are plotted against time. Cytock-ome oxidase 
was 3 to 4 times as active as either of the other two oxidases. Succinoxidase 
and ascorbic oxidase were similar, although both were variable (see fig. 4 
showing concentration curves of these three enzymes). 

Distribution of amylase. — Starch digesting enzymes were first described 
by Payen and Persoz in 1833. There ‚are at least two amylases which break 
the 1,4-linkages of starch, converting the polysaccharide into dextrins, mal- 
tose, and glucose. One, «-amylase, first releases dextrins about 6 to 7 glucose 
units long and then slowly converts them to maltose. The other, G-amylase, 
attacks terminal disaccharide groups, releasing them as maltose. 


Test method. — The activity was measured in terms of mg. of maltose produced 
per 2 ml. enzyme during a 30 minute incubation period at pH 7.4 at 25° C. The 
fractions were dialyzed 24 hours against 1 °/o KCl. Longer dialysis or rocking dialysis 
did not further decrease the enzyme blank which was largely due to the starch. 
Incubation mixtures contained in a total volume of 5 ml.: 

0.05 M pH 7.4 buffer (trisaminomethane (TAM)) 

10 mg. soluble starch 

2 ml. enzyme preparation 


After incubation, 10 ©/o trichloracetic acid (TCA) was added to stop enzymatic 
activity and to precipitate the protein. After centrifugation the filtrate was neutralized 


ER a 


LOCALIZATION OF ENZYMES IN PEA SEEDLINGS 715 


Table 11. Distribution of amylase activity in three-day-old seedlings, expressed in terms 
of maltose produced per 2 ml. enzyme at pH 7.4. Both precipitates have been washed once. 
A, B, and C are distilled water extracts, while D is a 0.25 M sucrose homogenate. 


| E P, M By 5 

| res 

| mg. maltose 1.78 0.47 1.22 0.02 0.9 

| 0/0 recovery. ar — 26 P/oE 100 1 74 

| per mg. dry ; THE 0.025 0.009 0.036 = 0.04 
per mg. protein .. 0.111 0.081 0.122 == 0.131 

BE 
mg. maltose ......... 1.39 0.43 1.41 (0.56) ? 1.29 

. 9/0 recovery ............ = 310/0E 100 (40) 90 
per mg. dry wt... 0.019 0.008 0.044 (0.057 0.055 
per mg. protein .. PATES 0.102 0.074 0.141 ra 0.164 
Cc — 
mg. maltose ......... 1.48 0.65 0.91 0.12 0.89 
9/0 recovery ..........-- — 440/9E 190 13 98 
per mg. dry wt....... 0.019 0.010 0.034 0.017 0.04 
per mg. protein ...... 0.079 0.063 0.095 0.067 0.148 
D — 0.25M sucrose 
mg. maltose ......... 1.28 0.2 1.36 0 1.47 


and reducing sugars were determined according to Hassid (1939) with maltose as the 
standard. The control contained the same components except that TCA was added 
prior to the enzyme preparation. 


Results. — Amylase activity was determined in all of the fractions isoiated. 
The reaction was linear with amount of fraction M up to 3.0 ml., and was 
linear with time for 60 minutes under the standard conditions described 
above (fig. 8). When an iodine sclution was added to aliquots of the reaction 
medium during the time study, the color changed from a dark blue through 
red-purple to a bright red. There was no further change in color at the end 
of 105 minutes. This type of color change is typical of an g-amylase (Hanes, 
1938), and was demonstrated in dried peas by Hanes (1940 a). 

The pH used was not optimal for amylase activity, but was chosen for 
comparison with the phosphorylase test. A preliminary pH curve showed an 
optimum rate at about pH 6.5. Vaiues below pH 5.1 could not be tested 
because proteins are precipitated or the particles clumped below this pH. 

From 80 to 90 */o of the activity of M was recovered in the supernatant 
(S,) and also in S, when this fraction was obtained (tables 11, 13). A washed 
P, fraction contained 25 to 40 °/o of the activity of fraction E, and consisted 
of large starch grains, possible »plastids» and other unidentified small par- 
ticles. Attempts were made to separate mechanically the lower white layer 
consisting mainly of starch from the upper creamy layer made up of a 
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mixture of small starch grains, plastids, and particles. Though a complete 
separation was not made, most of the activity was associated with the larger 
starch grains. This activity may be due to secondary adsorption since starch 
is used as an adsorbent for amylase. No further adsorption occurred, however, 
when potato starch (powdered) was added to the mixture and centrifuged. 
Variable amounts of the activity of fraction M were found on a washed 
P,_» precipitate. The value in table 11 B is questioned because of the 130 0/0 
recovery value, and because it was not repeatable. 

It was thought that amylase might be in the final supernatant because 
plastids had been disrupted during the extraction in distilled water. In a 
0.25 M sucrose solution, however, the activity found in P, was actually 
decreased, not increased (pointing perhaps to an adsorption phenomenon 
(table 11)). 

There are several discrepancies in the literature concerning the localization 
of the amylases. Nezgovorov (1940) reported that only 15 °/o of the total 
activity is found in a chloroplast fraction, the rest being soluble. Krossing 
(1940) and Sisakyan and Kobakova (1948 a), however, claimed that amylase 
is associated only with plastids. In peas the major portion is soluble, but 
this could occur because the plastids may have been disrupted. An interesting 
problem arises if the majority of both amylase and phosphorylase are soluble 
within the cell, as their substrate is normally only within plastids, Many 
hydrolytic enzymes, however, are apparently able to pass through living 
membranes in extracellular digestion. 

Besides these claims of localization on plastids, there are reports that this 
enzyme is associated with mitochondria. Horning and Petrie (1927) and 
Horning (1932), mainly from cytological observations of corn, believed that 
amylase was located within or on the surface of mitochondria. The mito- 
chondria were supposedly secreted from the epithelial cells of the scutellum 
into the adjacent starch-containing cells of the endosperm, where they 
aggregated around the starch grains prior to their corrosion, and then dis- 
appeared as corrosion commenced. Newcomer (1940) and O’Brien (1942) 
described similar activities of mitochondria during starch hydrolysis. Holter 
and Doyle (1938) reported the presence of amylase on mitochondria in 
amoeba. Engel and Bretschneider (1947), on the other hand, testing both an 
active and inactive (papain treatment necessary) amylase, found that there 
was no correlation between number of mitochondria observed cytologically 
and the amount of amylase, proteinase, or esterase in various tissues of the 
wheat grain. Brachet (1943) considered amylase as being at least partly bound 
to granules in yeast and animal tissues. 

Distribution of phosphorylase. — This enzyme functions in the reversible 
transfer of inorganic phosphorus to the glucosidic bonds of starch, forming 
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glucose-1-phosphate. The enzyme has been studied in both peas and potatoes 
by Hanes (1940 a, b). Since the initial discovery of phosphorylase, it has 
become evident that more than one enzyme is involved in the synthesis of a 
branched polysaccharide. These have been studied mainly in potato and 
have been termed P, Q, R, and isophosphorylases (Bernfield and Meute- 
median, 1948; Hobson, et. al., 1950; Barker, et al., 1950). 


Test method. — The activity was measured in terms of wg. phosphorus released 
from glucose-1-phosphate per ml. enzyme preparation during a 10 minute incubation 
period at 25° C. The inorganic phosphorus was measured in the filtrate by the 
method of Sumner and coworkers (1950) after the protein was precipitated with 
10 °/o TCA. The determinations were made on the same dialyzed extracts used for 
amylase tests. Incubation mixtures contained in a total volume of 4 ml.: 


0.01 M sodium fluoride (NaF) 

10 mg. of soluble starch 

10 mg. of glucose-1-phosphate in 0.05 M TAM buffer at pH 7.4 
1 ml. enzyme preparation 


Controls were identical with the test except that TCA was added prior to the enzyme. 
Tests were also made on the above enzyme mixture without added NaF. A NaF- 
sensitive activity was equal to the P released without added NaF minus the P pro- 
duced with added NaF. As a large percentage of the control value was due to acid 
hydrolysis of the glucose-1-phosphate, care was taken to keep controls and tests 
in contact with the TCA the same length of time (15 to 30 minutes). 


Results. — Phosphorylase activity was measured in all fractions isolated. 
The reaction was linear with time for 30 minutes under standard conditions 
mentioned above, and was linear with amount of enzyme in fraction M up 
to 1 ml. (fig. 9). A preliminary pH experiment showed that the activity both 
with and without NaF increased with decreasing pH at least down to pH 5.5, 
the lowest one measured. Hanes reported a bell-shaped pH activity curve 
with a flat peak between pH 6.0 and 7.0 for both peas and potatoes. The 
reason for this differences was not determined. 

As there was a possibility of inorganic phosphorus release by a en 
during the test, phosphatase activity was measured with a-glycerophosphate 
as substrate. There was very little activity at pH 7.4, but the activity increased 
slightly with decreasing pH. Although the phosphorylase activity was lower, 
the enzyme tests were routinely made at pH 7.4 because the NaF inhibition 
of phosphatase activity was maximal at this value. 

Phosphorylase was practically completely recovered in the final superna- 
tants S, and S, (tables 12, 13). A slight activity was found once in a washed 
P, fraction, and never in a P,_, fraction. The fluoride sensitive activity 
followed the same pattern, and has never been dissociated from the fluoride 
insensitive activity. 
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Table 12. Distribution of phosphorylase activity in three-day-old seedlings. Activity is 
expressed in terms of yg. phosphorus released per ml. fraction at pH 7.4 with glucose-1- 
phosphate as substrate and starch as primer. 


A 
NaF insensitive 
RE ER Sr 68.5 197 66.8 1 63.0 
0/0 recovery ........- — — 100 — 92 
per mg. dry wt. ... 1.83 0 3.84 0 4.85 
per mg. protein ... 6.17 0 9.4 0 11.4 
NaF sensitive! 
PLS LED came res 31.5 0 38.2 0 27.0 
B — 
NaF insensitive 
We RE = 2.1 38.4 0 33.9 
0/0 recovery ......... — — 100 — 89 
per mg. dry wt. ... = 0.07 2.712 — 3.03 
per mg. protein ... _ 0.39 8.08 — 11.3 
NaF sensitive! 
[GPO nassen — 0.65 9.2 0 12.2 


1 NaF sensitive activity — activity in mixture without NaF — activity in mixture with NaF 
(insensitive activity). 


Unlike amylase, therefore, phosphorylase was found completely in the 
final supernatant. The same problem of interpreting »soluble» enzymes that 
applies to amylase is concerned here also. The only references to intracellular 
localization are those of Sisakyan, et al., (1948 b), and Yin and coworkers 
(1949), both of whom claimed that phosporylase is confined to plastids. 

No work is known on the possible inhibitory effect of NaF on a pure 
preparation of phosphorylase. It is difficult, therefore, to interpret the findings 
here on the fluoride sensitive P release that does not seem to be due to an 
a-glycerophosphatase at the pH used and which always paralleled the NaF 
insensitive activity. Sumner and Somers (1947) reported fluorides as amylase 
inhibitors. Amylase is present during the phosphorylase test and would hydro- 
lyze the starch present as a primer for phosphorylase activity. The time curve 
for phosphorylase activity (with NaF) was linear, but it was not tested in 
the absence of NaF to see if the NaF were affecting this test indirectly through 
its action on amylase. This indirect effect, however, is not one of competition 
for starch as the substrate for hydrolysis in the one case and as a primer 
for synthesis in the other, because the »phosphorylase» activity was higher 
in the absence of NaF. The effect would have to be one of acceleration of 
phosphorylase activity, for instance, by increased priming effect due to the 
release of dextrins. The NaF effect could also be due to some other phos- 
phatase activity. 
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Table 13. Purification of fraction Sz by centrifugation at 60,000 X g for 30 minutes. 


Se Bes Ss 
Pa ee ee SO RE ee eee rs 
mg. dry weight per ml. ...... 29.9 1.85 29.3 
mg. protein per ml. ......... 4.73 0.34 4.08 
Ascorbic acid 
(DCO a i eer Ne RL Le 32 8 29 
Phosphorylase 
pg. P per ml. 
NaF insensitive ............ 61.6 — 55.3 
INAS Sensitive) ="... 30 = 26:0 
Amylase 
mg. maltose per 2 ml. ... 1.41 = 1.42 
1 X hr.—1X ml.—1. 
Cytology of fractions: — Methods. — Fresh mounts were observed with a Spenser 


phase microscope with a 1.8 mm. lens for B-Minus, Dark-M, and Light-M contrasts. 
No satisfactory dye was found which would stain the particles selectively or without 
clumping. The Nadi reagent, Janus green, tetrazolium salts, methyl green, and 
pyronin were tried. While the whole homogenate gave positive Nadi, Janus green, 
and tetrazolium tests, the particles were not stained when viewed microscopically, 
although the precipitate is stained when observed macroscopically and all the color 
can be centrifuged leaving a colorless filtrate. Further comments concerning these 
dyes will be made in the discussion. 

Fixed smears were made by spreading a drop of extract into a thin film without 
an adhesive and placing in 2 °/o osmic acid vapor for 2 to 5 minutes. The particles 
could not withstand air drying. The slides were mounted in polystyrene (Lillie, 
et al., 1950) after being mordanted with iron alum and stained with haemotoxylin 
for about 2 hours. Satisfactory smears, but perhaps with more clumping, were made 
by immersing the wet film in Zirkle’s modified Erliki’s (copper biochromate) mixture 
at pH 4.5 (Zirkle, 1928) for 1 to 2 hours followed by the same staining procedure. 

Sections of root tips and cotyledons were fixed in a copper biochromate mixture 
and stained as above. 

Photomicrographs were made of the above fixed smears and sections, with the 
aid of Mrs. K. Sax of the Botany Department, with a B. and L. microscope equipped 
with a 2 mm., 1.4 N.A. apochromatic objective, and an ampliplane ocular, lighted 
by a ribbon filament lamp and a 1.4 N.A. achromatic condenser. 

Electronmicrographs were made on preparations dried by the CO, critical point 
method of Anderson (1951) preceded by osmic acid fixation. No recognizable struc- 
tures were observed when the preparation was air dried. 


Cytological description of fractions. — Root sections showed typical rod- 
shaped mitochondria with and without swollen non-stained areas, ranging 
from 2 to 6 y in length, especially in the presumably meristematic regions 
(fig. 10). Spheres, 0.7 to 3.0 u in diameter, with irregular dark-stained edges 
were observed in the upper parts of the root. No visible particles were found 
in the extreme root tip or root cap. The above mentioned spheres do not 


47 
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Figs. 10—13: Fig. 10. Pea root tip section fixed in copperbichromate solution (pH 4.5) and 
stained with iron haematoxylin. Fig. 11. Photomicrograph of a smear preparation of frac- 
tion Po from a homogenate prepared in 0.25 M sucrose and fixed in osmic acid vapor and 
stained with iron haemotoxylin. (Starch grains do not adhere to slide). Fig. 12. Photo- 
micrograph of a smear preparation of fraction Py from a homogenate prepared in distilled 
water and fixed in osmic acid vapor and stained with iron haemotoxylin; Fig. 13. Electron- 
micrograph of fraction Pin from a distilled water homogenate, fixed in osmic acid vapor 
and dried by Anderson’s COg critical point method. 


show birefringence when observed between crossed Nicols prisms as could 
be seen with the large starch grains. 

Cotyledon sections showed no typical rod-shaped mitochondria or any 
particles in the 1 to 2 u range. This may be only because the cells are so full 
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of starch grains and large black staining and irregularly shaped objects 
(5 to 15 uw in diameter) that any smaller particles are obscured. 

The residue remaining after straining of the homogenate through cheese 
cloth consisted of much fibrous material, cell walls, starch grains, nuclei in 
occasional whole cells, and possibly nuclear fragments. 

Fraction P, was made up of two layers: a bottom white one consisting of 
large starch grains up to 30 y in diameter, and an upper light yellow layer 
of smaller starch grains up to 8 u and a heterogeneous: asssortment of other 
particles. This top creamy layer contained many spheres up to 6 p. in dia- 
meter with irregular dark-stained edges similar to those found in later frac- 
tions (fig. 11). Large clumps of particles about 2 y in diameter were fre- 
quently seen. Occasional rods and threads were observed which did not look 
like the rods of the typical bacterial flora, but they represented only a small 
proportion of the particles. The starch grains did not appear on the fixed 
smears as they fell off during the transfer through the alcohol-xylene series. 
A few grains remained when an adhesive was used. 

Fraction P, consisted mainly of a slightly yellow opaque layer with an 
outer edge of a more transparent area typical of the next fraction. When 
washed, the layer was quite white and opaque. Microscopically, it was an 
extremely heterogeneous fraction, with spheres up to 3.5 u in diameter with 
dark-stained areas around the rim as the predominant distinguishable type. 
Occasionally irregular threads were observed up to 8 u. in length, and there 
were numerous very small particles below or at the limit of resolution of a 
light microscope. 

Fraction P,, was derived from P, as described above. The residue dis- 
carded during this procedure consisted of many spheres with dark edges and 
much other indistinguishable material in clumped masses. The supernatant 
discarded contained numerous very small (0.7 u and below) particles. The 
particles in a cytologically fixed smear of fraction P,, were too small to 
determine their size and shape when observed under the ordinary light 
microscope (fig. 12). The electronmicrograph (fig. 13) shows that these 
»indistinguishable particles» were predominantly spheres, some with irregular 
dark edges similar to larger particles observed in previous fractions (see 
especially lower left corner of fig. 13 and compare with fig. 11). There was 
still considerable heterogeneity in terms of size, a 10-fold range from 0.1 u. 
to 1.0 y, even if the particles are assumed to be similar functionally (for 
which there is no direct proof). Besides these particles with irregular dark 
edges, some appear uniformly dark, others are a homogeneous gray, while 
some appear to be coated with a dark material. The spherical nature of these 
particles is evident when observed with a phase microscope or when paired 
electronmicrographs are viewed stereoptically. 
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Table 14. Summary of dry weight, protein, and lipid data of homogenates of three-day-old 
seedlings. Average of 6 to 10 values. 


E | Po M Ey Pip ee Sa 
Dry weight 
4 me mic 58.3 20.9 33.3 4.07 1.29 1.43 29.2 
Cy On LO UAL aE ee re — 360/0E 100 12 3.9 4.3 88 
Protein 
mg. per ml 11.3 — 7.13 1.51 0.37 0.57 5.5 
ortotal......... — 360/0E 100 21 5.0 8.0 78 
0/0 dry weight 19.4 17.0 21.4 37 29 40 19 
Lipid 
mg. per ml. ... ee — == = 0.264 = — 
(0.251 — 
—0.275) 
0/o dry weight == == = — 25—38 — = 


Fraction P, was made up of a gummy, transparent layer with a small 
opaque center. It consisted of numerous extremely small particles at the limit 
of resolution with the light microscope, and some of the typical spheres with 
dark edges up to 2 u in diameter. 

Fraction S, still contained particles which were most easily observed in 
rapid Brownian movement under the phase microscope. Besides a sprinkling 
of small darkly stained particles, smears fixed in copper biochromate solu- 
tions showed faintly stained masses in which it was impossible to observe 
individual particles. As fixation in osmic acid vapor greatly lessened these 
clumped masses, most of them probably represent soluble proteins precipi- 
tated and clumped by the low pH. 

Fraction P, probably contained the bulk of the microscopically visible 
particles of the previous supernatant fraction. The particles were too small 
under the light microscope to determine their shape and size. 

Fraction S, contained practically no dark staining particles observed in S,, 
but was made up of the same poorly stained masses. Macroscopically, this 
yellow supernatant was still slightly opalescent with a layer of fat globules 
concentrated at the top. 

Chemical Analysis of fractions. — Methods. — Dry weights were made on 
samples dried in an oven at 110° C. Dry weights used for amylase and phos- 
phorylase activities were made on dialyzed extracts and corrections were 
made for the KCl. 

Protein values were estimated from nitrogen data derived from the direct 
Nesslerization of TCA precipitates following a 16 to 20 hour sulfuric acid 
digestion on a sand bath at 140° C. Nitrogen values determined colorimetric- 
ally with (NH,).SO, as a standard were multiplied by the factor 6.25 to give 
approximate protein values. 
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Table 15. Nucleic acid data showing comparative values based on u.v. absorption, orcinol, 
and diphenylamine (DPA) reactions, and phosphorus analyses. Each value represents the 
average of 3 to 4 separate determinations except * which is based on one only. All but Pip, 
Ps, and Ss came from the same homogenate. 
A a TC ie SÉRR 


»PNA» P (pg./ml.) »DNA» P (ug./ml.) 
len ee 10 %o HCIO, Hot 10°/o HCIO, 
u. v. (260— UV. 
—290 my) | P | ORC. (270 my) | DPA | ORC. 
Seedling* 0.588 mg. dry wt. 439 409 Dark 173 116 160 Dark 
| BES BAT SR Te 44.3 53 — 16.6 13 5.0 == 
MR ee 41.3 44.3 | 36.3 13.2 9:9 4.0 | 14.9 
De er. KG 3.14 2.49| 2.53 2.71 2.31 2.71 3.45 
Lip nes ace cuser etes 1.49 1.84) 1.93 1.75 1.88 1.51 — 
Pipe washed: 2 >)... 0.51 — 0.49 0.82 0.55| 0.73| — 
Eu Dodo Se Sess Se PER ARR 2.27 2.63) 3.04 1.23 0.84] 0.66; — 
San seen eee e stone senoncces 30.3 33.4 | 28.4 11.5 6.85| 1.45| 13.3 
BD: aunancoocnonnosoodecenbCcgede 4.43 4.69| 4.37 2.77 2.66) 0.28; — 
DS esas rae ORTE 13.6 HS 1S29 10.3 6.2 0.7 — 
S; — all nucleic acid extracted in hot 10°/o HCIO, 
u.v | B | ORC 
25.6 | 25.3 | 31.5 


Lipid determinations were made on fraction P,, using a total fat extraction 
method in alcoholic-KOH acidified with HCl and extracted with chloroform. 
This chloroform fraction was filtered and evaporated to dryness at 35° C. 
under reduced pressure. 

Nucleic acids were analyzed by the perchloric acid (HCIO,) method of 
Ogur and Rosen (1950) in which pentose nucleic acid (PNA) was extracted 
for 16 to 20 hours in cold HClO, and desoxypentose nucleic acid (DNA) in 
hot HClO, (20 minutes at 80° C.). Diphenylamine and P analyses were used 
to check the u.v. values for DNA P (calculated at 270 my), while orcinol 
and P were used for checks of the u.v. values for PNA P (calculated at 
260—290 mu). DNA standards were from sperm nuclei and PNA from yeast.. 

Results. — Dry weight, protein, and lipid data are summarized in table 14. 
Almost 80 °/o of the protein was found in the supernatant S, (and also in S;, 
table 13). The highest percentage protein of dry weight found was about 
40 °/o in both P, and P, fractions. 

Lipid data from three separate saponifications varied from 25 to 38 °/o of 
the total dry weight. The high value of 38 °/o was obtained on a separate P,, 
preparation which contained 40 °/o protein. Even these high values would 
account for only 80 °/o of the dry weight. No attempt was made to account 
for the remaining dry weight. 

Nucleic acid data showing comparative values obtained for the various 
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Fig. 14. Washing curves for u.v. absorbing sub- 


fo) stances extracted in cold and hot HCIO4. 
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fractions are shown in table 15, and a summary of values on 'the basis of 
a ml., mg. dry weight, and mg. of protein are given in table 16. Probably 
because of the pentosans of the cell walls, the orcinol test was invalid when 
the whole seedling was analyzed, and perhaps in the various fractions when 
extracted in hot HCIO,. Likewise, the diphenylamine (DPA) test may be 
suspect in the whole seedling as the absorption peak was shifted from 600 my 
to 650 my. With the other fractions, relatively good checks were obtained 
in the cold fraction by the three different tests used, while in the hot fraction 
checks were obtained only in the P, and P,, fractions (table 15). 

In the hot fraction, there was almost a 10-fold discrepancy between the 
DPA reaction and the u.v. absorption in any fraction containing the super- 
natant. The high orcinol reaction (based on a yeast PNA standard) would 
lead one to believe that this discrepancy was due to incomplete extraction 
of the PNA in the cold fraction, but high orcinol values are obtained in P, 
which otherwise checks fairly well. The intermediate P values could not be 
explained this way. Another alternative would be that some other u.v. ab- 
sorbing substance (not a nucleic acid) was being extracted in the hot HCIO,. 


The following evidence is also against the view that these discrepancies 
were the result of contamination of PNA due to insufficient extraction in cold 
HCIO,. The washing curve (fig. 14) for the extraction in cold HClO, shows 
that 90 °/o of the total extractable u.v. absorbing material was obtained in 
the first 6 hours. This curve is similar to that obtained in corn root tips 
(Ogur and Rosen, 1950). Total values for a 16 hour extraction check well 
with these from a 24 hour extraction period. The discrepancy (in terms of 
u.v. absorntion) seems too high (up to a.50 °/o increase) to be contamination 
of PNA extractable in cold HCIO, if sufficient washes were made. 


The curve for extraction in hot HCIO,, on the other hand, shows a continual 
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Fig. 15. Typical u.v. absorption curves for cold and 

hot HCIOy extracts of fractions Pip, Se, and Ss, and 400 
for RNA and DNA standards. Fractions Pa and Se 
were extracted as usual in cold HClO, followed by 
hot HClO,. Fraction Ss was extracted only in hot 
HCIO.. O.D. readings are actual ones obtained and 
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extraction even for the third washing. Preliminary checks showed that the 
»contaminating» substance came out in all three washings. As relatively good 
checks were obtained in the hot extracts of the P, fractions, this perchloric 
acid method was valid for parts of peas (assuming the orcinol test was due 
to a contaminating pentose). The discrepancies increased as the particles 
become smaller. The DPA reaction in the supernatant fractions was probably 
not very accurate as it was impossible to concentrate these fractions suf- 
ficiently in order to obtain good spectrophotometric readings with this rela- 
tively insensitive test. 

McClendon (1952) found similar discrepancies in the hot HClO, extraction 
of supernatant fractions of tobacco leaves. As corn root tips did not show 
any such disagreement, it might be assumed that the substance being extracted 
is confined to leaves (cotyledons or true leaves). 

Typical absorption curves of P,, S,, and S, fractions are shown in fig. 15. 
In general, there was no dramatic difference between the u.v. curves in the 
P, and supernatant fraction, the curve slightly shifting in the heated extracts. 
The PNA standard and occasionally the DNA standard, however, did not 
show this shift when heated. 
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Table 16. Nucleic acid summary. PNA P is based on the average of the u.v., P, and orcinol 

values for the cold 10 9/0 HCIO4 in columns A to D. DNA P is based on the diphenylamine 

reaction only in the hot 10 % HCIO,. In E, »corrected PNA P» values are based on u.v. 
values in cold HClO, + u.v. values in hot HClO, — DPA values. 


Pip 
M 12} P,p | (washed ES Sa P, S; 
2X) 
A — 
PNA P ; 
ug./ml 40.6 2.72 1.76 0.50 2.65 30.7 4.5 15.1 
COM. 100 6.7 4.3 1.2 6.5 76 11 40 
DNA P | 
Weyl) 2. 3.96 2.71 1.51 0.73 0.66 1.47 0.28 0.7 
DEM 100 69 39 18 17 36 7 18 
B — pg./mg. 
dry weight 
PNAS Peon: 1.15 1.02 1.10 0.50 3.64 0.97 2.43 0.52 
DNA (PP =... 0.11 1.02 0.95 0.73 0.91 0.05 0.15 0.02 
C — pg./mg. 
protein 
RNASE eee. 5.71 1.80 4.31 1.67 4.65 5.58 13.2 3.70 
DNA-P .....: 0.56 1.81 3.68 2.43 1.16 0.26 0.83 0.17 
1D) 
PNA/DNA ...| 10.3 1.0 1.17 0.65 4.02 21.5 16.1 21.6 
E — »corrected 
PNA P» 
OPEN. are 52.1 2.72 2.0 0.6 3.22 40.7 7.0 24.7 
0/0 increase 28 0 14? 9? 25? 33 55 39 


To understand the cause of these discrepancies, one would have to follow 
carefully all of the washings prior to the cold 10 % HCIO,, comparisons 
would have to be made with other extracting agents like TCA, and the nucleic 
acid nitrogen bases would have to be analyzed. A working hypothesis, how- 
ever, could be derived from this data. There may be two kinds of PNA in 
peas; one, comparable to that in corn root tips, is easily extracted in cold 
10 °/o HCIO,, the other only in heated extracts. The low phosphorus values 
would have to be explained by assuming that some of the P of this second 
PNA type comes off in the cold. Frequently, the P values in the hot extract 
are low to the same extent that the P values in the cold extract are slightly 
high (2 to 3 ug. of P per ml.). As the orcinol reaction of DNA is only about 
1/10 that of PNA, the orcinol test in the hot extracts of P, fractions is not 
satisfactorily explained, unless DNA from peas gives a different reaction 
than sperm DNA. 

In a preliminary test of the above hypothesis, all of the nucleic acid in an 
S; fraction was extracted in hot 10 °/o HCIO, directly following the alcohol- 
ether wash. If there was any DNA at ali in this fraction, it was a very small 
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amount and could not be properly tested for with the DPA test. The results 
are shown at the bottom of table 15. The value given is a few ug. higher 
ihan would have been obtained if an unheated PNA standard factor had been 
used. The agreement is fairly good, although the orcinol is still high, even 
if a maximum of 1 ug. per ml. of DNA is subtracted. »Corrected PNA» values 
are shown in column E, table 16. Significant increases in »PNA» occur only 
in fractions P,, S;, and S;. The increase in P,, and perhaps P, are too small 
to be sure of any significance. 

The distribution of nucleic acids is summarized in table 16. The PNA 
values are expressed in terms of cold PNA extract only and may be low in 
the.supernatant fraction (except in column E), while the DNA is based only 
on the diphenylamine test. The values are calculated in terms of P but can 
be converted to DNA or PNA by multiplying by the factor 10.1 and 10.5 
respectively. The values in column C can be used as an approximation of the 
percentage of total protein that is nucleic acid. 

DNA was found in all fractions presumably as a contaminant from dis- 
rupted nuclei rather than as a cytoplasmic constituent. The DNA values for 
the supernatant fractions are questionable, however, as they are based on 
very low and variable spectrophotometric readings, and the fractions could 
not be concentrated without increasing the protein precipitate involved in the 
procedure. 

The cold extracted PNA data agree with the report of Brachet (1943) and 
Chantrenne (1947) that the smaller particles are richer in PNA. The P, frac- 
tion compares quite well with that of Schneider, et al. (1948, 1950) shown in 
table 18. The 40 °/o of the total in M found in S, (about 20 °/o PNA was lost 
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during this S, purification) probably represents truly soluble PNA or perhaps 
submicroscopic particles. Brachet (1947 a, b) and Chantrenne (1947) reported 
that nucleic acids are in the free state in young embryonic tissues and com- 
bine to form sedimentable substances during development until they are 
found only in the particulate form in adult tissue. Small amounts are 
apparently still soluble in mature liver tisses (table 18). The comparison with 
Schneider’s 1950 data is interesting because it is based on a perchloric acid 
method strikingly different from that of Ogur and Rosen (1950). 

The above chemical and enzymatic data have been summarized in a histo- 
gram form in fig. 16. The data are expressed in terms of percentage of the 
total activity of either fraction E or M. Nine different determinations are 
compared; the first four describe the fractions chemically, the last five, 
enzymatically. 


Discussion 


General problem of intracellular localization of enzymes. — The limitations 
of the method of differential centrifugation, especially when the tissue is 
ground in a homogenizer or Waring blendor prior to fractionation, must be 
kept in mind. Criteria necessary to ascribe biochemical properties to a given 
structural element have been recently discussed by Hogeboom and Schneider 
(1950). 

Four important limitations of this method which might give misleading 
results are the possibility of secondary adsorption, precipitation of soluble 
proteins, production of artifacts, and the disruption of cellular structures 
during homogenization. 

Secondary adsorption can be eliminated to a certain extent by repeated 
washings, extraction in a variety of media, and comparison with other tissues 
to check the constancy of the distribution. 

A protein precipitation difficulty has been observed by Waygood and 
Clendenning (1950). They account for the discrepancies in the literature about 
the localization of carbonic anhydrase as being due to the precipitation of 
normally soluble proteins by agents like tannic acid released during homo- 
genization. Careful cytological examination, however, could probably detect 
this phenomenon unless particles are coated with the precipitated protein. 

The spheres of fraction P,, could also be interpreted as bubbles of proto- 
plasm which form their own membianes when ejected from the cell into a 
water medium, the so-called surface precipitation reaction of Heilbrun (1943). 
Simiar structures, however, are observed in isotonic and hypertonic sucrose 
solutions using the same plant material (figs. 11, 13), and also in tobacco 
leaves extracted in 0.5 M-sucrose which preserves a good many of the chloro- 
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plasts (McClendon, 1952). Because of this and their similarity in terms of 
enzymatic activity to animal mitochondria, I feel that artifacts are not a 
major problem. 

The so-called soluble enzymes remaining in the supernatant could be truly 
soluble in vivo, or they could occur as such in vitro only because larger 
particulate components have been disrupted. 

Problem of »soluble» enzymes. — The known particulate components that 
may have been disrupted in these pea homogenates are nuclei and plastids. 
Nuclei, in this case, have undoubtedly been broken because they have never 
been observed cytologically as whole structures and DNA is found in prac- 
tically all fractions (table 16). Plastids, likewise, are generally considered to 
be disrupted in hypotonic solutions, but in the present investigation no cyto- 
logical difference (except perhaps for better staining) was noted in the P, 
fraction when extractions were made in 0.25, 0.65, and 1.5 M sucrose solu- 
tions. It was not possible to identify any of the particles as plastids, unless 
the larger spheres with dark edges could be so identified, or if plastid material 
surrounded the starch grains. 

Another possibility with »soluble» enzymes is that an enzyme could be 
soluble in the embryonic or seedling stages and become incorporated with a 
particulate complex upon differentiation. This would have to be studied 
from a developmental point of view, and could account for the discrepancies 
discussed above concerning the localization of amylase, phosphorylase, and 
ascorbic oxidase. While a seedling stage was studied here,.much of the work 
concerning the association of these enzymes with chloroplasts has been 
based on mature leaf tissue. 

Problem of mitochondria. — Newcomer (1940, 1951) discusses the problem 
of terminology and definitions involved in the literature on plant particulate 
components. He prefers to use the term mitochondria or mitochondriome as 
a collective term, with mitosome for the rod-shaped particles, and chondrio- 
some for the granular forms. This terminology is at variance with that of 
Guilliermond (1941). Zirkle (1929) defines mitochondria as those particles 
retaining the haematoxylin stain after fixation in a copper bichromate mixture 
at a narrow pH range of 4.2 to 5.2, but considers this only a working defini- 
tion for identification purposes. Because the enzymatically active particles 
found in different types of tissues or even within the same tissue are so 
different morphologically, and tecause these morphologically similar struc- 
tures may have different functions, a functional definition of mitochondria 
such as the association with specific respiratory enzyme complexes might 
be more appropriate as the primary criterion, with morphological charac- 
teristics as secondary criteria. 

It has been impossible to identify the particles in the purest preparation 
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obtained (P,,) as shown in the electronmicrograph (fig. 13) with typical 
rod-shaped plant mitochondria observed most easily in fixed sections of pea 
root tips (fig. 10, and see Newcomer, 1946, figs. 17, 20). Such rods have not 
been traced to any fraction of the homogenate, although if they are confined 
to only the meristematic areas of the roots, this may be a dilution effect. 
However, rods were not observed in homogenates of the root-shoot axis alone. 
Perhaps rods could be obtained in a homogenate if the proper modifications 
of the dehydration procedure in making smears could be found that would 
more closely copy the conditions of a tissue section. While a pH range of 4.2 
to 5.2 is best for mitochondrial preservation in tissue sections, this is no 
evidence of the best pH for a smear preparation of a homogenate. 

Another explanation of the inability to identify these particles morpho- 
logically with rod-shaped plant mitochondria of fixed tissues could be that 
the process of homogenization in a Waring blendor may fragment or irrevers- 
ibly change their shape into spheres. Experiments with a glass homogenizer 
and sucrose solutions, however, showed no detectable cytological difference 
in particle type. 

On the other hand, the spherical form may be the enzymatically active 
type (for the succinoxidase system) with the rod-shaped form representing 
partially differentiated plastids or artifacts of fixation and dehydration. 
Spherical mitochondria, either appearing as dense or as hollow granules, have 
been reported by Anderson (1936) and Newcomer (1946) in fixed sections 
of plants or in vivo by Sorokin (1941). Because the cotyledons contain so 
much starch, it was impossible to observe any mitochondria in fixed coty- 
ledon sections. 

A solution of the above problem might throw light on the controversy 
about the »duality of the mitochondriome» theory of Guilliermond (1941) 
and the differentiation of mitochondria into plastids discussed by Newcomer 
(1940, 1951). While most investigators have been unable to distinguish mor- 
phologically between particles which differentiate into plastids (proplastids) 
and ones that do not (and therefore presumably comparable to animal mito- 
chondria with succinoxidase activities), this criterion of enzymatic activity 
might be useful. The findings of McClendon (1952) are of interest because he 
shows that a well-washed chloroplast fraction contains only a few percent of 
the total cytochrome oxidase activity of a leaf homogenate. Although this 
does not disprove that mitochondria develop into plastids, the differentiation 
would have to involve a loss or dilution effect of the cytochrome system in 
the mature chloroplast, unless both plastids and the enzymatically active 
particles are differentiated from a common precursor without respiratory 
functions. 


Fraction P,, may still be impure and no direct test of this has been possible. 
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This unsolved problem makes it difficult to claim dogmatically that all of the 
structures seen in the microscope are the enzymatically active components. 
The only clue is to compare these particles with animal mitochondrial pre- 
parations and to plant particulate fractions, when available, as to enzymatic 
activity, cytological properties, and chemical composition. 

Enzymatic comparison. — Qualitatively, these pea particulates are func- 
tionally comparable to liver mitochondria, at least concerning the intracellular 
localization of the two enzymes cytochrome oxidase and succinic dehydro- 
genase. The percentage recovery of the oxidase activity of the whole homo- 
genate in the »mitochondrial» fraction P, is similar to that obtained by 
Claude and coworkers (1946). 

Quantitative comparisons can be made by comparing Qc, values shown in 
table 17 for pea, liver, and various other plant tissues. Taking the data 
directly, the values for liver mitochondrial preparations are much higher than 
for peas. If the difference in temperature is considered, however, the increase 
in activity from 25° C. to 38° C. may be 3 to 4 fold, making the values 
approximately comparable. According to Haas (1944), there is a 4-fold in- 
crease in activity from 25° C. to 39° C. Different substrates were used with 
liver tissue. Ascorbate can not be substituted as the substrate for cytochrome 
oxidase because of the active ascorbic oxidase. The pea values can be more 
directly compared with those of Recknagle (1950) who obtained a Q,, of 100 
for frog egg mitochondria using hydroquinone as substrate and a temperature 
of 25° C. This is slightly higher than the best value obtained for peas (80). 
Thus, pea »mitochondria» in P,, compare quite well enzymatically with 
animal mitochondria, both qualitatively and quantitatively. 

The particles in P,, have a low cytochrome c concentration in comparison 
with liver mitochondria. Cytochrome bands have not been observed through 
a microspectroscope, although an oxygen uptake can be measured with a 
platinum electrode but not manometrically in enzyme preparations without 
added cytochrome c. 

The high recovery of cytochrome oxidase activity in the high speed pre- 
cipitate is in contrast to the claims of Sisakyan and Fillipovich (1949) and 
Rosenberg and Ducet (1949) that plastids are the most enzymatically active 
elements of plant cells, unless one considers that these active particles in 
embryonic tissues are proplastids. DuBuy (1950) reports Q,, values up to 
6.0 for a »plastid» fraction, and values only up to 3.0 for a mitochondrial 
fraction from tobacco leaves. (In table 17 his value for PPDA alone has been 
subtracted from his value for cytochrome c plus PPDA). These values may 
be misleading because the »mitochondrial» fraction contained particles sedi- 
mented over a wide centrifugal range and might contain more inert matter 
than the »plastid» one, expecially when compared with the value of 80 
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Table 17. Comparison of data for cytochrome oxidase activity in pea with other plant and 
animal tissues (as Qo,). 


EEE À 


Peas, 25°C., H,Q 


M | Pip | Sa 

Qo, Cn A Seno? | 5.9 | 80 | 0.6 

Liver, 38°C., ascorbate Hogeboom, et al., 1946 
| E | L.G. | M, | Sa 

Qo, Bee REEL | 36 | 318 | =< 10 | 0 

Frog eggs, 25°C., H,Q Recknagle, 1950 
| Mitochondria 

Ro, a 100 

Phaseolus, 25°C., PPDA Hill and Bhagvat, 1939 
| High speed residue 

Dei me 20 

Tobacco leaves, 25°C. PPDA, sucrose Du Buy, ef al., 1950 
| Plastids | Mitochondria 

Qo, SE BR | 2—6 | 1.7—3.3 

Tobacco leaves, 25°C., H,Q, sucrose McClendon, 1951 
| High speed residue 

Qo, OP) hess aes: | 50 


obtained for peas. McClendon (1952) finds that the major cytochrome 
oxidase activity is not associated with intact chloroplasts of tobacco leaves 
extracted in 0.5 M sucrose when care is taken to remove the greater number 
of smaller particles which do contain most of the activity. His maximum Qo, 
(P) value for his active high speed residue was only 50 in comparison with 
the value of 260 for peas. Sucrose, however, is probably causing some inhibi- 
tion in both his and DuBuy’s preparations. 

Cytological comparisons. — A cytological comparison of plant and animal 
enzymatically active particles shows both ‘similarities and dissimilarities. The 
appearance of some of the particles shown in the electron microscope pictures 
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is similar to those of liver mitochondria extracted in distilled water (Zollinger, 
1948 a, b; Mühlethaler et al., 1950). 


These pea particles differ from the homogeneous liver mitochondria in the 
range in size and density of the active particles, because activity is lost at 
each centrifugation and higher speeds are necessary to obtain the bulk of 
the particles. The similarity of some of the spheres with those in fraction 
P, is also striking, although there is a ten-fold difference in size. There appears 
to be a complete series of particles (which look like spheres with dark edges) 
ranging from plastid sizes of 6 to 7 u down to 0.1 u or even below. Even 
within P,, there is a ten-fold range in size although here the average size is 
similar to that found by Claude et al. 


Such a series would agree with the findings of Brachet (1943, 1950) and 
Chantrenne (1947) who observed a complete range of particle sizes in liver 
rather than the two abruptly different groups of Claude. Steinbach and Moog 
(1945) likewise describe in chicken embryo homogenates a complete grada- 
tion of particles in water extracts, ranging from 1 to 2 u. to less than 0.1 u 
in diameter in all stages of centrifugation and including the final super- 
natant. 

No microsome fraction has been obtained in peas, unless P, or P, could 
be so-called because they are progressively richer in pentose nucleic acid 
(table 16). 

Another important difference is that rod-shaped particles were not found 
in hypertonic sucrose solutions as described by Claude (1946) and Harman 
(1950). Further, the particles from pea homogenates have never been observed 
to swell and burst as described by Claude. Claude (1946, 1950) attributes 
the swelling or shrinking of the large granules when the salt concentration 
is lowered or increased to osmotic responses of a semi-permeable membrane. 

The irreversibility of the shape of pea »mitochondria» could be due to 
complete permeability to sucrose or KCl, or to the breakdown of the mem- 
brane which is not accompanied by disruption of the particles because of 
internal structural properties. 

The inhibition of either cytochrome oxidase or succinoxidase activity by 
1 °/o KCl or hypertonic sucrose solutions was also in contrast to the data 
reported for liver mitochondria. Claude (1946) actually reported a greater 
cytochrome oxidase activity when the osmotic concentration was increased. 


While Janus green B in its oxidized form is used as a vital stain specific 
for mitochondria (Claude, 1946), this dye as well as indophenol blue and 
formazan (reduced tetrazolium) have been considered as specific mitochon- 
drial stains involving a color change associated with the enzymatic activities 
of these particles (Sorokin, 1941; Mudd et al., 1951). There are at least three 
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qualifications necessary for such claims of ‘specificity which have not always 
been taken into consideration. The first is that the enzymatic reaction producing 
the color change must be specific. The second is that that adsorption must 
be specific and not merely due to the lipoid solubility of the dye. The third 
is that the dye must be adsorbed at the site of the color change. 

There is serious reason to doubt the validity of these specific stains when 
the above assumptions are examined. Though the animal cytologists have 
considered Janus green a good mitochondrial stain either in the reduced 
or oxidized form, most plant cytologists have been unable to obtain positive 
results with this dye (Newcomer, 1951). Though the production of indophenol 
blue in the Nadi test is a sensitive indicator of the presence of cytochrome 
oxidase, the specificity of this reaction is in serious question. Agner (1941) 
reported that at least part of. the blue color formed is due to a peroxidase 
reaction, and that the oxidase test based on alcohol-formalin fixed tissues 
used uncritically by some workers is undoubtedly due to such enzymatic 
activity. Though Kuhn (see Forbes and Sevag, 1951; Brodie and Gots, 1951) 
claims that the reduction of tetrazolium to formazan is specific for diaphorase, 
others have obtained this reaction with a wide variety of dehydrogenases, 
such as succinic, glucose, alcohol, malic, lactic (Kun and Abood, 1949; Jensen 
et al., 1950). 

The staining of mitochondria by these reagents may actually be due to 
the solubility of all these dyes in lipids. Several cytologists have pointed out 
the lipid staining ability of these dyes (Newcomer, 1951; Bailey and Zirkle, 
1931; Lison, 1936; Guilliermond, 1941). Indophenol blue has been used as a 
fat stain (Lison, 1936; Conn, 1946), and formazan is soluble only in fat 
solvents. 

Bailey and Zirkle (1931) showed that plant vacuoles preferentially absorbed 
the reduced form of Janus green under certain conditions. Guilliermond 
(1941) reported that the vacuole can absorb the oxidized form and that the 
actual reduction can occur within the vacuole itself. Michaelis (1900) reported 
that particles in mouse salivary glands, pancreas, and kidney showed a definite 
affinity for the oxidized form of Janus green. Except for kidney granules, how- 
ever, the reduced form had no affinity for the granules and when observed 
under a microscope a light diffuse red appeared in the preparation as the 
green on the particles faded. All of these observations cast serious doubts 
on the use of this dye in plants as a valid indicator of the site of enzymatic 
activity. 

The following observations made on pea homogenates give further evidence 
that the enzymatic reactions involved are not specific and that the dye may 
be altered at one site and be adsorbed at another. Fraction M gave a positive 
blue oxidase color with the Nadi reagent. Further, in the presence of sodium 
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succinate or glucose and under anaerobic. conditions, it reduced Janus green 
B from blue or blue-green to pink, and reduced 2, 3, 5, triphenyl- or neo- 
tetrazolium from white to red or purple. Fraction M could further reduce 
the pink form of Janus green to a colorless or leucoform, but the solution 
turned pink immediately upon shaking in air. When other fractions were 
similarly tested, only the Nadi reaction was limited to the high-speed par- 
ticles from fraction P,_,. Janus green and tetrazolium were reduced in both 
the particulate and supernatant fractions. Freezing, however, inhibited the 
reaction observed in the particulate fraction but not in the supernatant frac- 
tion, indicating that at least two different enzymatic systems were involved. 
The failure to obtain a positive Nadi test in the supernatant S,, even though 
it contains an active peroxidase, may be due to the presence of catalase. 

Though the P,_, fraction was stained macroscopically and the residue 
obtained upon centrifuging completely adsorbed the dye, it was impossible 
to ascertain the localization of the dye when the particles were observed 
microscopically. The following observations show that the particles may 
adsorb the dye even though the chemical change has not occurred on the 
particulates themselves. If the Nadi reagent was allowed to turn a dark blue 
by standing in air and the resulting solution was added to fraction P,, centri- 
fugation showed that the particles had adsorbed the dye. Likewise, when 
Janus green was chemically reduced and added to P,, centrifugation showed 
that the particles had adsorbed the dye. Similar results were obtained with 
chemically reduced tetrazolium held in solution by the addition of small 
amounts of acetone. In all cases, almost all of the dye was removed with the 
particles upon centrifugation. The speed of staining was such that no en- 
zymatic color change could have occurred in the short time that was involved 
in the absence of added substrate. As these dyes, therefore, can stain the 
particles independently of the cause of the oxidation or reduction, it is unsafe 
to conclude that the site of the enzymatic change is always identical with 
the site of staining. 

Chemical composition. — Comparisons with liver mitochondria may be 
made on the basis of protein, lipid, and nucleic acid content of these particles 
in P,,. A chemical analysis of fraction P,, showed that 30 to 40 °/o of the 
dry weight was protein. (This was based on the use of the factor 6.25 which 
may not be appropriate for pea protein). This value is low in comparison 
to the 60 to 65 °/o reported for liver mitochondria (Chargaff, 1942); Swanson, 
1950). Lipids made up 25 to 38 °/o of the total dry weight. Both protein and 
lipid values are in the same range as data reported for chloroplasts (Bonner, 
1950). This leaves, however, about 20 to 30 %/o of the total dry weight un- 
accounted for. No attempt was made to trace this unknown weight. Neither 
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Table 18. Comparison of pea nucleic acid data with that of animal tissues (ug./mg. 
protein). Schneider’s values were converted to a protein basis by dividing his yg. nucleic 
acid per mg. N by the factor 6.25. Closest approximations of pea fractions are. shown for 


comparison. 
| Pi washed 2 X | P, | Ss 
Peas — 
PNAAPME RSS 1.67 13.2 5.85 
DNASPE rue ee... er 2.43 0.83 0.26 + 
a ET eee 
Rabbit liver 
LePage, et al., 1948 
PNA PRET esse 3.68 | 6.6 1.93 
DNASPIF. PO. MR 6.24 — — — 
Rat liver 
Schneider, et al., 1948 
PNA, J? Sit ee 4.48 1.12 12:3 2.4 
DNAMPE EE. 2 Selle 10.7 — == = 
Mouse liver 
Schneider et al., 1950 
PINASP ER RARE PET nes 3.07 2.95 103 1.9 
DIN ASP eset scan. ees 6.76 0.29 0.83 — 


PNA or DNA account for more than about 1 °/o each of the total dry weight. 

Nucleic acid values (table 16) are hard to compare because the nucleic 
acid is rather easily washed out of the particles. It is interesting that the 
ratio of PNA to DNA remained at 1.0 during the purification of P,, but 
further washing of this precipitate removed slightly more PNA than DNA 
and the ratio dropped to 0.65. 

Data from liver preparations are shown in table 18 for comparison with 
the pea values. It is only in a recent paper that Schneider and coworkers 
report small amounts of DNA in their mitochondrial preparation. Their pro- 
cedure, however, enables them to obtain a definite nuclear fraction (N). The 
P,, fraction (washed twice) still contained almost 10 times as much DNA as 
reported by Schneider et al. (1950). This would support the conclusion that 
this pea fraction was contaminated with nuclear fragments. This persistence 
of a small amount of DNA, however, could also be dué to either of the fol- 
lowing alternatives which have not been ruled out. 

One, is that a small amount of DNA as well as PNA could be associated 
with the enzymatically active particles, a suggestion tentatively considered a 
possibility by Zollinger (1950) on the basis of nuclease experiments. The 
other is that both DNA and PNA might be contaminants, which would explain 
the retention of similar ratios throughout the first purification process, and 
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would agree with the concept of Monné (1948). It is evident at any rate that 
up to one-fourth of the original PNA and DNA content of the fraction can 
be removed without lowering the Qo,. This removal of PNA from mito- 
chondria without loss of enzyme activity has been shown by Schneider (1946) 
who found that prior claims of loss of activity with PNA-ase (Potter and 
Albaum, 1943) were due to contamination with proteolytic enzymes. Brachet 
(1943) believes that the nucleic acids are held superficially on particles and 
do not bind the protein molecules together because the nucleic acids are so 


easily removed without loss of structure. 


Summary 


1. The intracellular localization of five enzymes in distilled water homo- 
genates of three-day-old etiolated seedlings of Pisum sativum was studied 
by means of differential centrifugation. The distribution of the five enzymes 
was followed throughout all of the fractions isolated and the activities 
expressed in terms of ml., dry weight, and protein. The various fractions 
were analyzed for dry weight, protein, lipid, and nucleic acid content, and 
each was described cytologically. Extraction in phosphate buffer offered no 
advantages over distilled water, and isotonic or hypertonic KCl or sucrose 
solutions inhibited some of the enzymes studied. 

2. Cytochrome oxidase and succinic dehydrogenase activities were found 
on particles isolated at 16,500 X g which could be purified by resedimenta- 
tion between 4,000 and 12,000 X. g. Although it was not possible to identify 
definitely these particles as typical rod-shaped plant mitochondria, they are 
functionally similar qualitatively and quantitatively to mitochondria isolated 
from liver. Electron microscope pictures of the purest preparations show 
spheres ranging from 0.1 to 1.0 y with irregular patches of dense material 
around the edges. Similar spheres were found in other fractions where activity 
was lost. It is proposed that the activity is associated with particles 0.1 to 
6.0 y in diameter, whose shape can not be altered even in 1.5 M sucrose. 

3. A chemical analysis of this possible mitochondrial fraction showed that 
about 35 to 40 °/o of the dry weight was protein, 30 °/o was lipid, 0.5 to 1.0 °/o 
was pentose nucleic acid, and about 0.7 to 0.9 °/o was desoxypentose nucleic 
acid (presumably nuclear contamination). 

4. Ascorbic oxidase, amylase, and phosphorylase were found predomi- 
nantly in the final supernatant (after 60,000 X g). The possibility of their 
being associated with structures like plastids disrupted during homogeniza- 
tion was not eliminated. 
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Arrangements for the cultivation of algae in artificial light were first 
described by Warburg (13) and later by Hartmann (5), Pringsheim (8), and 
others. They usually employed a lamp of 300 to 500 watts, cooled with run- 
ning water. The difficulty is to keep the temperature sufficiently low together 
with a satisfactory light intensity, evenly distributed over several cultures. 
It is a common observation that a high temperature in combination with a 
high light intensity (sunlight) has an injurious effect on cultures of algae. 
It is not as yet established, however, whether the temperature or the light 
is mainly responsible for the damage (Pringsheim, 9). Various species have 
very different requirements for thermal conditions, as appears from the 
investigations carried out by Loefer (7) and Hygens (6). The former cultivated 
Chlorogonium at 28° C., the later Nematocystis at 2 to 12° C. Room tempera- 
ture has been most commonly used for instance by Algéus (1), Spoer and 
Milner (11), and others. There is very little information as to the light require- 
ments of algae. Trelease (quoted from Bold, 3) obtained an excellent growth 
in Chiorella with light intensities of 5,000 to 20,000 metre candles (lux). 
Variations with species and strain are probably quite common. As a rule 
much lower intensities are employed. The present author has used incan- 
descent lamps of 2,500 lux in his own experiments (Algéus, 2). Rodhe (10), 
for instance, used 1,700 lux, Osterlind (14) 2,200 lux,-Taylor (12) 1,800 to 
2,200 lux. 

Lately, fluorescent lamps (daylight lamps) have come more and more into 
use. In the artificial illumination of higher plants with lamps available on 
the open market, these fluorescent lamps proved particularly suitable (Gelin 
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and Burström, 4); they caused no significant changes in the room tempera- 
ture. It is advantageous to be able to combine satisfactory light intensity 
with room temperature without the use of special cooling units. Moreover, 
the heat of radiation is low. From this point of view the fluorescent lamps 
are also suited for illumination of algae. 

The practical solution of the aeration problem of the algae cultures is of 
interest in this connexion. Often air is bubbled through the medium, some- 
times with the addition of carbon dioxide. When working with organic 
substances in pure cultures it is naturally necessary to provide a sterile air 
stream during the entire experimental period, which often amounts to several 
months. In such cases it seems advantageous to replace this method by a 
continuous shaking of the cultures, similar to that used, for instance, in the 
Warburg apparatus. In the following an apparatus will be described which 
for the sake of brevity will be called a shaking table. By means of this 
apparatus it is possible both to obtain a suitable, even intensity of illumina- 
tion for a fairly large number of algae cultures, and to keep the temperature 
constant between 20—25° C. without cooling the lamps with water, and, 
finally, to air the cultures through shaking during the entire period of 
experimentation without any risk of contamination. It must be emphasized 
at once, however, that the investigations with fluorescent lamps are still in 
the experimental stage, inasmuch as the suitability of fluorescent light for 
algae cultures can by no means be considered self-evident. 


Apparatus 


Figure 1 shows a general view of the shaking table (length X width X height 
= 1509085 cm.). The table-top, which consists of a frame enclosing a 
frosted glass plate, is loose and glides in four tracks against synthetic fibre 
plates of the kind used in sliding-doors. By empioying fibre plates instead of 
wheels or ball-bearings silent operation is obtained. The direction of the 
shaking is perpendicular to the longitudinal direction of the table and the 
fluorescent tubes. On the glass table-top is placed another frame divided into 
180 compartments (6.56.5 cm.) suited for Erlenmeyer flasks of 100 to 
125 ml. (figure 2). This frame is easily changed if flasks of other dimensions 
are desired. The table-top is connected to an eccentric wheel via an axle- 
system. The motor (0.37 kW) and transmitter are partly hidden in figure 1. 
The distance of travel can be regulated by adjusting the axle attached to the 
eccentric wheel. Minimal and maximal values are 1 and 3 cm. The frequency 
is regulated by means of a rheostat. 

Figure 3 shows the table with the top removed. At a distance of 25 cm. 
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Fig. 1 General view of the shaking table. The 
motor and the transmitter are partly hidden. 
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Detail picture of the cultures. 


Fig. 3. Shaking table with the top removed. The 
fluorescent tubes and one of the fans are visible. 
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Fig. 4 The distribution of the illumination over the 
table-top. For the maximal light intensity and the 
number of cultures in the different fields see table 1. 
Scale 1:18. 


below the table-top there are 10 fluorescent lamps (40 watts) mounted on an 
inner frame at the ends of which the transformers are also fixed. The cultures 
placed on the shaking table are thus illuminated from below. As the 
fluorescent lamps also emit a considerable amount of heat they cannot be 
placed immediately below the glass plate. The warm air which is accumulated 
there, must also be removed. This is accomplished by two fans which are 
placed near the ends of the fluorescent lamps and the transformers where 
the heat is greatest. Figure 3 shows the opening for one of the fans. The 
warm air is forced out partly through a space between table and table-top, 
visible in figure 1, partly between the fluorescent lamps in the direction of 
the floor. The frame on which the fluorescent lamps are mounted can be 
lowered so that the intensity of illumination also can be reduced when 
desired. The greatest distance obtainable between the table-top and the lamps 
is 45 cm. 

Figure 4 and table 1 show the distribution of the illumination over half 
the table-top (fluorescent lamps: Osram Natural 40 watts). As is expected, 


Table 1. The light intensity (Osram Natural 40 watts) in different fields of the table-top 
together with the number of cultures in the stated light intensities. The figures in the last 
column bear reference to the whole table area. 
ee 


Fields in figure 4 | Light intensity in lux Total number of cultures 

N SE ee ee re —————— 
A 2,200 12 
B 1,700 40 
C 600—1,200 48 
D 400 20 

ER ee RER NE En — 
Total 180 
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Fig. 5. The growth of Scenedesmus obliquus 
in different light intensities of short wave 
fluorescent light. (Osram Natural). O_O 
900 lux; @- - - -@1,400 lux; X —--—- — xX 
1,800 lux; A----—/, 2,200 lux. 
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only the central section is evenly illuminated. The lengih of the tubes was 
122 cm. but only the middle part with a length of 90 cm. gave an even 
illumination. The peripheral fields must therefore be reserved for stock cul- 
{ures or for experiments in which a variation in intensity of illumination 
from one culture to another is of no consequence. Finally, it may be pointed 
out that fluorescent lamps of different makes may give very considerable 
differences in intensity of illumination. — The shaking table is placed in a 
thermostatically controlled room with a constant temperature of 19° C. The 


temperature in the cultures will then be 2° C higher as a result of the heat 
of radiation. 


Some experimental results 


Experiment 1. Scenedesmus obliquus was used as the experimental orga- 
nism. Figure 5 represents the growth at different light intensities in a mineral 
salt solution with potassium nitrate as the source of nitrogen. The light 
intensities were 900; 1,400; 1,800 and 2,200 lux. The fluorescent tubes were 
Osram Natural 40 watts. The spectral composition of the light appears in 
table 2. The distance of travel of the table was 1 cm., the frequency 120 
oscillations per minute. As is shown by the curves the rate of growth and 
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Fig. 6. Examples of irregularities in the 
growth of Scenedesmus obliquus in short 
wave fluorescent light (Osram natural). 
KX—e— X and A—-—/ 2,200 lux; 
@----@ 900 lux; O———0450 lux. 
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final cell number increase with the intensity of illumination. The values are 
taken from a larger series and are representative examples of the results 
usually obtained. Although the curves seem to indicate that the environmental 
conditions were satisfactory, an examination of the appearance of the cultures 
show that this is not the case. Already at an early stage the cultures assumed 
a pale green colour and finally became almost white. The disturbances were 
not only reflected by a loss of pigment but also by irregularities in growth. 
Sporadic irregularities of this kind are always observed in larger experi- 
mental series but the frequency here was much higher than usual. A few 
examples may be given. In figure 6 the upper curve represents the normal 
growth at 2,200 lux. The lower curve with the same lighi intensity has a 
slower rate of growth and only half the number of cells at the termination 
of the experimental period. Between these two curves there are two other 
curves with the light intensity of 450 and 900 lux, respectively, both of 
practically identical appearance. After 19 days all the cultures were pale green 
to colourless. 

Experiment 2. Another experiment was carried out with a species of 
Hormidium, all cultures of which were quite white after 15 days. In that 
experiment glycocoll was used as the source of nitrogen and the intensity 
of illumination was 1,700 lux. The other experimental conditions were as in 


748 SVEN ALGEUS 


© 

5 7 

SO 

S 

SD 

oO 

4 

a 3 Fig. 7. Examples of irregularities in the growth 

= of Hormidium sp. in short wave fluorescent 

= 2 light (Osram Natural). The distribution curve 
1 shows the cell count per mm.? in 30 parallel 


cultures after 15 days. 
BIO ZEN 15 16 10° 
Cells per mm? 


experiment 1. Figure 7 shows a distribution curve of the number of cells per 
mm.* in 30 parallel cultures after 15 days. The distribution is oblique as 
appears from the figure: some cultures show »too high» a number of cells. 
The standard error caused by the method of determination (counting in a 
haemocytometer) amounts to approximately 6 per cent of the cell number, 
thus falling far below the variation given in the diagram. 

Experiment 3. In order to clarify the significance of the quality of illumina- 
tion some other types of lamps were tried. One lamp, rich in short wave light 
gave exceedingly irregular values. The experimental organism employed was 
Scenedesmus obliques. The intensity of illumination used was 1,700 lux. The 
other experimental conditions were as in experiment 1. The growth rate was 
low and many cultures showed discontinued cell division as early as between 
the sixth and twelfth days. The cell count was then 2,000 to 4,000 per mm.? 
compared with about 25,000 in experiment 1. Other cultures continued to 
grow but after 15 days they were pale, almost white. The cell number per 
mm.? was then only approximately 6,000. 

Experiment 4. Another, better result was obtained by a type of lamp, rich 
in long wave light (Osram Mellow 40 watts). The spectral composition 
appears from table 2. The light intensities were 400; 600; 1,100 and 1,700 lux. 
The other experimental conditions were as in experiment 1. As is shown by 
figure 8 the growth rate and final cell count increase somewhat with the 
intensity of illumination although the differences are slight and not always 
significant. The cultures which were grown in the same medium as those in 
experiments 1 and 3, were inferior to the former and superior to the latter 
with regard to the rate of cell division and final count. Unlike these two 
they were of quite normal appearance with a green to dark green colour 
which they still retained after 3 months’ illumination. The slight difference 
in cell number and growth rate at the various intensities of illumination is 
remarkable. 
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Fig. 8. The growth of Scenedesmus obliquus in different intensities of illumination by long 


wave fluorescent light (Osram Mellow). © © 400 lux; @----@ 600 lux; X —:— X 
1100 lux; A— : : 


— À 1,700 lux. The unfilled triangles (/\) represent a curve with 1700 lux 
which gave a divergent value on the 23rd day. 


3 6 9 72 15 
Time ın days 
Fig. 9. The growth of Scenedesmus obliquus in long wave fluorescent light (Osram Mellow). 


The intensity of illumination was 1700 lux. Certain values on the 3rd and 7th day have 
for the sake of clearness been displaced somewhat along the abscissa. 
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The fact that the irregularities in the rate of growth of cultures grown 
under similar conditions are only slight is shown by figure 9 where the dis- 
tribution be said to be fairly normal when compared to cultures grown in 
incandescent light. Since several points in the diagram coincide, certain values 
have been somewhat displaced along the abscissa (3rd and 7th days) for the 
sake of clearness. 


Discussion 


It is evident that the varying results obtained in the above experiments 
are connected with the quality of the source of illumination. Two principal 
types of lamps were used, one rich in short wave light but poor in long wave 
light (experiments 1. 2. and 3), and one where conditions were the opposite 
(experiment 4). The spectral composition of two of the types of lamps used 
appears from table 2. The short wave type (day light) has in all cases 
produced cultures with abnormal appearance — the pigment formation was 
disturbed. The rate of cell division, moreover, varied considerably also in 
cultures grown under identical conditions. This is most likely a secondary 
phenomenon and is connected up with the disturbance in the chlorophyll and 
carotinoid content. In all cases there was an excess of nitrogen and other 
necessary elements. The addition of ferric citrate plus citric acid during the 
experimental period in order to counteract an incipient chlorosis had no effect. 
Since the algae grow in the dark with undiminished chlorophyll content, the 
disturbance in the formation of chlorophyll is not likely due to a lack of 
red light. It is more probable that a relative excess of light of short wave 
lengths (blue to violet) brings about a destruction of the chlorophyll. This 
opinion is borne out by the fact that the carotinoids also disappear. 

The long wave type of lamp gave results more similar to those obtained 


Table 2. Spectral energy distribution of fluorescent lamps, Osram Natural (experiments 1 
and 2) and Osram Mellow (experiment 4). The figures represent the per cent of luminance 
in the spectral bands. Publisned by permission of AB Osram Elektraverken. 
Ce ee. 


Type of lamp Natural Mellow 
Far violet en mines 0.015 0.009 
Wile en nus 0.38 0.32 
Blue, Diss EL A EC US 0.37 0.11 
DIRE GLEN 7 sr cscrsorensee 5.40 1.91 
CGrébnat rente cas N 36.10 . 28.5 
MN a Swen Cae saul ES 48.0 Du 
MST Se Deren tcsntence 9.47 16.1 
Dark: red #5... bk 0.25 0.50 
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Fig. 10. The spectral energy distribution in a gas-filled Osram Nitra incandescent lamp (A), 
Osram Nitra daylight lamp (B), and sunlight (C). The values are published by permission 
of AB Osram Elektraverken. 


with incandescent light which is also rich in long waves as compared to 
daylight lamps (figure 10). The rate of cell division, to be sure, is often less 
rapid with the long wave type of fluorescent lamps than that obtained with 
the short wave type but, instead, the pigment formation is normal and the 
differences between parallel cultures lie within permissible limits. There is, 
however, astonishingly little variation between cultures with different inten- 
sity of illumination. 1t is obvious that fluorescent lamps rich in long wave 
light are more adapted for the cultivation of algae than those of the day- 
light type. 

The long-established experience that direct sunlight has an injurious effect 
on cultures of algae receives a satisfactory explanation in the above experi- 
ments. Figure 10 shows that the spectral composition of sunlight agrees 
closely with that found in lamps of the daylight type. The deleterious effect 
of sunlight would thus be chiefly caused by too great an excess of light of 
short wave length (blue-violet). Naturally other factors may also play a part, 
as, for instance, too high an intensity of illumination, ultra violet light etc. 

In summarizing it may be said that the shaking table described in this 
paper is well suited for the cultivation of algae and similar experimental 
objects under constant conditions. Special attention should, however, be 
given to the choice of the light source. For planctonic fresh-water algae, 
fluorescent lamps rich in long wave light are preferable to lamps of the day- 
light type. Lesser differences in the intensity of illumination seem then to be 
of no consequence. 
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Summary 


1. The author describes an arrangement for cultivation of algae in 
fluorescent light under constant temperature conditions and continuous aera- 
tion by means of shaking. 

2. Different types of fluorescent lamps were tested. In a light rich in short 
waves (daylight type) the algae lost all pigmentation during the course of a 
few weeks. The growth rate was very irregular. 

3. Ina light rich in long waves the pigment formation was normal. The 
differences in the growth rate between parallel cultures were slight. It is 
obvious that fluorescent lamps rich in long wave light are more suitable for 
the cultivation of algae than those of the daylight type. 

4. As the spectral composition of sunlight agrees closely with that of day- 
light lamps, the well known injurious effects on algae cultures caused by 
sunlight may be assumed to be connected with too great an excess of light 
of short wave lengths. 

A grant for the apparatus and the carrying out of this work has been received 


from the National Scientific Research Council of Sweden. I am indebted to Fil. mag. 
H. Rufelt for taking the photographs. 
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